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ABSTRACT 
Assessing Photocatalytic Oxidation Using Modified TiO2 Nanomaterials for 
Virus Inactivation in Drinking Water: Mechanisms and Application 
by 
Michael Vincent Liga 
Photocatalytic oxidation is an alternative water treatment method under 
consideration for disinfecting water.  Chlorine disinfection can form harmful byproducts, 
and some viruses (e.g. adenoviruses) are resistant to other alternative disinfection 
methods.  Photocatalytic oxidation using nano-sized photocatalytic particles (e.g. TiO2, 
fullerene) holds promise; however, it is limited by its low efficiency and long required 
treatment times.  This research focuses on improving virus inactivation by photocatalytic 
oxidation by modifying catalysts for improved activity, by analyzing virus inactivation 
kinetics, and by elucidating the inactivation mechanisms of adenovirus serotype 2 
(AdV2) and bacteriophage MS2. 
Modifying TiO2 with silver (nAg/TiO2) or silica (SiO2-TiO2) improves the 
inactivation kinetics of bacteriophage MS2 by a factor of 3-10.  nAg/ TiO2 increases 
hydroxyl radical (HO•) production while SiO2 increases the adsorption of MS2 to TiO2.  
These results suggest that modifying the photocatalyst surface to increase contaminant 
adsorption is an important improvement strategy along with increasing HO• production. 
  
The inactivation kinetics of AdV2 by P25 TiO2 is much slower than the MS2 
inactivation kinetics and displays a strong shoulder, which is not present in the MS2 
kinetics.  nAg/TiO2 initially improves the inactivation rate of AdV2.  SiO2-TiO2 reduces 
the AdV2 inactivation kinetics since adsorption is not significantly enhanced, as it is with 
MS2.  Amino-C60 is highly effective for AdV2 inactivation under visible light irradiation, 
making it a good material for use in solar disinfection systems.  The efficacy of amino-
fullerene also demonstrates that singlet oxygen is effective for AdV2 inactivation. 
When exposed to irradiated TiO2, AdV2 hexon proteins are heavily damaged 
resulting in the release of DNA.  DNA damage is also present but may occur after capsids 
break.  With MS2, the host interaction protein is rapidly damaged, but not the coat 
protein.  The kinetics of MS2 inactivation are rapid since it may quickly lose its ability to 
attach to host cells, while AdV2 kinetics are slower since the entire capsid must undergo 
heavy oxidation before inactivation occurs.  Adenovirus inactivation likely occurs 
through breaching the capsid followed by radical attack of DNA and core proteins.        
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Chapter 1 
Introduction 
Viruses, and human adenoviruses in particular, commonly occur in the 
environment and are resistant to several drinking and wastewater treatment processes.  
Worldwide, there are 1.58 million deaths annually due to diarrheal disease attributed to 
unsafe water supply, sanitation, and poor hygiene, with a large fraction of these attributed 
to viruses [1].  In 2005 the USEPA placed adenoviruses on their Contaminant Candidate 
List 2, indicating the need for specific regulation of these viruses [2].  At the same time, 
the USEPA further limited the acceptable content of disinfection byproducts (BDBPs) 
present in drinking water [3].  To avoid DBP formation, highly effective free chlorine 
disinfection has been replaced with alternative processes, such as combined chlorine 
and/or UV irradiation.  Unfortunately adenoviruses are highly resistant to both these 
treatment methods and increases the treatment time/cost necessary to produce safe water 
[4, 5].   
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Another alternative treatment process, photocatalytic oxidation using a high 
efficiency nanosized photocatalyst (e.g. titanium dioxide (TiO2), fullerene), has the 
potential to inactivate viruses more effectively than other methods while limiting the 
production of DBPs [6, 7].   It may also be used in conjunction with UV disinfection to 
shorten the required treatment times.  While a large volume of work has been published 
regarding photocatalytic degradation of chemical compounds by TiO2 based materials, 
little research has been conducted on the inactivation of microorganisms, especially 
viruses.  Two limited studies exist on the inactivation of pathogenic mammalian viruses 
(human poliovirus and murine norovirus  [8, 9]) which demonstrate that photocatalytic 
oxidation may be a viable strategy for virus disinfection; however, these relatively simple 
viruses are highly susceptible to UV254 irradiation and are not a good choice for 
demonstrating the suitability of this treatment method.    Demonstrating improvements to 
the inactivation efficiency of UV254 (and other method) resistant viruses would lower 
treatment costs and reduce the risk of disease caused by virus transmission in drinking 
water.  This research assesses and improves TiO2 based photocatalytic oxidation for virus 
inactivation in drinking water disinfection.  This will be accomplished by completing 
three main research objectives: 
1. Identify modifications to TiO2 that result in enhanced virus inactivation 
efficiency and elucidate the improvement mechanisms   
2. Demonstrate photocatalytic inactivation of human adenovirus using neat and 
modified TiO2 and amino-fullerenes and describe the inactivation kinetics 
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3. Determine the biological inactivation mechanism of adenovirus and a 
common surrogate virus, MS2, by TiO2.  Determine how differences in virus 
structure and inactivation mechanism translate into differences in inactivation 
kinetics.   
Most studies available on the photocatalytic inactivation of viruses rely on TiO2 in 
some form as the photocatalyst due to its low cost, stability, non-toxicity, and high 
oxidation potential.  However, TiO2 is limited by its high rate of charge recombination, 
which reduces its efficiency.  This results in low inactivation rates and thus long 
treatment times required to achieve adequate disinfection levels.  The first research 
objective of this study is to identify modifications to TiO2 that result in enhanced virus 
inactivation efficiency and elucidating the improvement mechanisms.  Catalysts are 
assayed for virus inactivation potential as suspended particles in a UV-A photoreactor.  A 
surrogate pathogen, bacteriophage MS2, is initially used for identifying improved 
catalysts due to its ease of propagation and assay and its common role as a surrogate in 
water disinfection studies.  Catalyst modifications leading to enhanced activity against 
MS2 are assayed against human adenovirus serotype 2 (AdV2).     
AdV has been shown to survive for long periods in environmental waters and to 
resist traditional and some advanced drinking and wastewater treatment methods.  No 
studies to date have been published on the photocatalytic inactivation of AdV.  The 
second objective of this study is to demonstrate AdV2 photocatalytic inactivation and 
describe the kinetics resulting from application of neat and modified TiO2 and amino-
fullerene catalysts.  Virus inactivation is assayed in suspended particle systems in a UV-
A photoreactor.  Along with demonstrating the inactivation of AdV2, this study evaluates 
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the suitability of MS2 as a suitable surrogate for photocatalytic disinfection studies.  This 
will is accomplished by comparing the inactivation kinetics and (biological) mechanism 
of inactivation.   
The third objective of this study is to investigate the (biological) inactivation 
mechanism of AdV2 and MS2 by photocatalytic oxidation.  Disinfectants which produce 
the most rapid adenovirus inactivation act through protein damage [10-13].  
Demonstrating that photocatalytic oxidation inactivates adenoviruses through protein 
damage would give further support to its development as an alternative disinfection 
method.  While capsid and genetic damage are known to occur during TiO2 
photocatalytic oxidation, the amount of damage and specific damage location required to 
inactivate any virus is not known.  There are no studies which determine whether it is 
damage to protein and/or genetic material that is ultimately responsible for complete 
inactivation.  In addition, there are no reports on specific damage sites to virus protein or 
DNA by photocatalytic oxidation.  In this study sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) is used to quantify the extent and location of protein 
damage, which is compared to the virus survival ratios.    Polymerase Chain Reaction 
(PCR) methods are used to identify damage to the virus genetic material.  Knowledge of 
the inactivation mechanism can be used to design advanced catalysts, design treatment 
systems that rely on multiple inactivation mechanisms, and aid in selecting a suitable 
surrogate pathogen for further disinfection studies and reactor validation protocols.  
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1.1. Thesis Organization 
This thesis is organized according to the progression with which the three main 
objectives listed in the introduction were investigated.  Chapter 2 consists of a literature 
review which details the occurrence of viruses in the aquatic environment and viral 
disease outbreaks associated with drinking water, drinking water treatment requirements, 
the survival of adenoviruses during water treatment processes, studies of adenovirus 
disinfection in water, and TiO2 based photocatalytic oxidation as an alternative 
disinfection method.  Chapter 3 consists of a published journal article entitled Virus 
inactivation by silver doped titanium dioxide nanoparticles for drinking water treatment 
(Water Research, volume 45, 2011, pages 535-544).  This study reveals that silver 
modified TiO2 can improve the virus inactivation kinetics by increasing the production of 
hydroxyl free radical (HO•).  Chapter 4 is a journal manuscript in preparation for 
submission to the journal Environmental Science and Technology entitled Silica 
Decorated TiO2 for Virus Inactivation in Drinking Water – Green Synthesis Method and 
Mechanisms of Enhanced Inactivation Kinetics.  In this study a simple and “green” 
method of modifying TiO2 nanoparticle surface with silica nanoparticles is developed.  
The modified catalysts improve virus inactivation kinetics by increasing adsorption of 
viruses to the catalyst.  Chapter 5 is a journal manuscript being prepared for submission 
to the journal Water Research entitled Kinetics of human adenovirus disinfection by 
titanium dioxide nanoparticles for drinking water treatment.  The research from this 
study evaluates the inactivation kinetics of AdV2 by TiO2 under several conditions and 
identifies a kinetic model suitable for describing the data.  Chapter 6 consists of a journal 
manuscript in preparation for submission to the journal Water Research entitled 
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Inactivation of human adenovirus by modified photocatalytic nanomaterials.   This study 
evaluates both the silver and silica modified TiO2 materials developed in Chapters 3 and 
4 for the inactivation of AdV2.  An amino-modified fullerene catalyst is also investigated 
for its potential to inactivate AdV2.  Chapter 7 is a journal manuscript in preparation for 
submission to the journal Applied and Environmental Microbiology entitled Inactivation 
mechanism of adenovirus type 2 and bacteriophage MS2 by TiO2 – based photocatalytic 
oxidation.  This study investigates the damage of virus proteins and genetic material 
resulting from treatment with TiO2 nanoparticles.  Finally, Chapter 8 consists of an 
overarching conclusion of this thesis.  After the references, three appendices are included 
which consist of published journal articles in which I performed major roles in research, 
data analysis, and manuscript preparation, but am listed as second author.            
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Chapter 2  
Literature Review 
2.1. Occurrence of pathogenic viruses in the environment 
Viruses commonly occur in wastewater and drinking water sources (surface and 
ground).  There are several reports available concerning the detection and quantification 
of adenoviruses and other pathogenic viruses in surface and ground water sources.  As 
will be revealed later, adenoviruses are particularly resistant to several water treatment 
processes.  Because of this they are likely released to the environment in great numbers 
through treated and untreated sewage discharge.  The purpose of this section is to 
emphasize that pathogenic viruses, especially adenoviruses, are commonly present in the 
environment and must be controlled for in drinking water treatment.    
The detection of viruses in waters is often accomplished through direct 
application of PCR methods.  A positive result indicates the presence of viral genomes, 
not infectious viruses.  Several studies reviewed here report using this method to detect 
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viruses, leaving the question of whether positive results in the water analyzed pose a 
health risk.  Recently, Charles et al. (2009) investigated this question by concurrently 
measuring spiked groundwater samples for infective viruses via cell culture systems and 
viral genomes via PCR [14].  The most persistent virus tested, adenovirus serotype 2 
(AdV2), was found to remain infective in groundwater up to 364 days and its genome 
detectable for up to 672 days by PCR.  The decline of infectious AdV2 showed biphasic 
kinetics, with a rapid drop in infectivity occurring over 1 month and a small subset of the 
population remaining infective up to one year. The enteroviruses poliovirus 3 and 
Coxsackie virus B1 remained infective for 140 and 70 days, respectively, and are 
detectable by PCR for 364 days.    While PCR was unable to distinguish the initial rapid 
loss of infectivity observed with AdV2, the fact that some remains infective for over half 
the detection time (364 out of 672 days) supports the use of this method for evaluating 
the health hazards of contaminated water.  The reports of adenovirus detection discussed 
next relied on PCR detection in several instances.  The long survivability and detection 
time by PCR of AdV2 should be considered when reviewing these reports. 
Viruses are commonly detected in groundwater sources.  In 1980, Keswick and 
Gerba republished a review on viruses in groundwater [15].  The studies cited within 
document the occurrence of several virus types, including polio, echo, coxsackie, and rota 
viruses in several different countries.  In U.S. groundwater, a study of 448 wells in 35 
states revealed 4.8% of samples tested positive for active viruses (enteroviruses) as 
determined by cell culture techniques, 31.5% were found to contain viral nucleic acids 
(enteroviruses, rotavirus, hepatitis A, norovirus) after rt-PCR analysis, and 20.7% of 
samples contained bacteriophages capable of replicating in one (or more) of bacterial 
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hosts [16].   As these viruses are commonly transmitted via the fecal-oral route, it is 
likely that sewage has contaminated these aquifers to some degree.  A more recent study 
reports the transport of adenovirus DNA up to 10 km offshore of the Florida Keys, where 
septic systems are commonly used for waste [17].  Unlike fecal indicator bacteria, enteric 
viruses are not able to replicate in the environment outside of their human hosts, ensuring 
that their presence in the environment is linked with sewage contamination.  High flow 
rate aquifers are especially susceptible to contamination.  One study detected 
enteroviruses and reoviruses at 2-156 most probable number (MPN) in 88% of water 
samples taken from high flow rate karst aquifers in Tennessee [18].  
Surface waters are also frequently contaminated with pathogenic viruses.  For 
example, in the Ruhr and Rhine rivers in Germany, PCR analysis revealed  (9.4 - 2.3) x 
10
4
 genetic equivalents / L of adenoviruses and human polyomavirues in 97.5% of 
samples, group A rotaviruses in 90% of samples, group II noroviruses in 31.7% of 
samples, and enteroviruses in one sample [19].  A review of adenovirus detection studies 
in natural waters as well as recreational facilities across the glove reveals that the 
pathogen is ubiquitous in the environment [20].  In Jiang’s (2006) review, adenovirus 
detection is reported in Japan, South Korea, Australia, New Zealand, France , and Spain.  
There are many other reports available regarding virus detection in the environment; 
however, these are sufficient to conclude that viruses and adenoviruses are commonly 
present in drinking water sources and must be adequately treated [20]. 
The above studies highlight the need to adequately treat surface and groundwater 
to inactivate viruses.  This may be especially true for small groundwater systems in rural 
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locations where treatment is minimal and the residence time in the distribution system is 
short, leaving little time for residual disinfectant to act.   
2.2.      Disease outbreaks associated with viruses in drinking water 
With the previous studies in section 2.1 demonstrating the ubiquity of viruses in 
the environment, it is no surprise that in 2004 the WHO estimated that there are 1.58 
million deaths annually due to diarrheal disease attributed to unsafe water supply, 
sanitation, and poor hygiene.  While other pathogens may also play a role, viruses are a 
major cause of diarrheal disease.  While most of these deaths occur in developing nations, 
viral outbreaks still occur in the United States.  In the United States just between 2003 
and 2005 there were four reported waterborne disease outbreaks attributed to viruses in 
drinking water affecting 282 people [21, 22]. 
The public health risk posed by viruses has been recognized around the world for 
decades.  This concern (as well as others) has prompted most countries to regulate 
drinking and waste water treatment processes.  Various agencies, such as the US 
Environmental Protection Agency (USEPA) and the World Health Organization (WHO), 
provide specific guidelines and recommendations for water treatment. 
2.3.   Drinking water treatment requirements and recommendations 
The USEPA requires treatment systems capable of providing 4 log (99.99%) 
removal of viruses for all surface water sources [2] and groundwater sources with a 
history of contamination or other deficiencies [23]. Traditional chlorine disinfection, 
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while highly effective for viral inactivation, produces harmful disinfection byproducts 
(DBPs) when organic compounds are present in the water. The toxicity of DBPs has 
prompted stricter regulations concerning the acceptable levels of these compounds [3]. 
Although UV disinfection has not been found to form DBPs, some viruses, such as 
adenoviruses, are highly resistant to UV disinfection [5]. As a result, the USEPA has 
increased the UV fluence requirements for 4 log removal of viruses from 40 mJ/cm
2
 to 
186 mJ/cm
2
 [2].  This has become a major barrier for the application of UV disinfection 
in drinking water treatment due to the high energy (cost) requirement.  Increasing the 
efficiency of the UV process for adenovirus inactivation with a high efficiency 
photocatalyst could dramatically lower energy usage treatment costs.   
The limitation of free chlorine disinfection to prevent DBP formation has created 
a new problem, achieving adequate levels of adenovirus disinfection.  This virus is 
commonly detected in the environment (section 2.1) and is resistant to several alternative 
disinfection techniques.  While existing drinking water regulations are generally 
considered adequate, the persistence of adenovirus to the final effluent of several 
drinking and waste water treatment plants has been documented. 
2.4. Properties of human adenoviruses and bacteriophage MS2 
Adenoviruses are much more complex than other water-borne viruses, which may 
lead to their resistance to many disinfection methods.  In contrast, bacteriophage MS2, 
which is commonly used as a surrogate in disinfection studies due to its similarity to 
other water-borne viruses [24-26] and relative resistance to some disinfection methods 
[27-29], is relatively simple when compared to adenoviruses.  
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2.4.1. Properties of adenoviruses 
Adenovirus is different from most waterborne pathogenic viruses in that its 
genome is dsDNA rather than RNA.  This enables the virus to utilize the DNA repair 
enzymes present in host cells to repair damage to its own genome (e.g. from UV 
disinfection methods) thus increasing its resistance to disinfectants which act through 
genetic damage [5].  The genome is relatively large, containing 30-40 kb [30].  The 51 
human serotypes are known to infect the pulmonary, gastrointestinal, and ocular body 
systems.  Along with the gastrointestinal strains (AdV 40 and 41), the respiratory strains 
may be transmitted through the fecal-oral route as well through pulmonary secretions [5].  
Respiratory serotypes (e.g. type 2) have been identified in the environment and are as 
much a concern as the enteric serotypes [20]. 
The virus structure is rather large and complex when compared to other 
waterborne viruses and common surrogate pathogens, such as MS2.  The virus size varies 
with the serotype, but is generally stated to be 70-100 nm in diameter [31].  There are 3 
major capsid proteins (Hexon, Penton base, Fibre), 4 minor capsid associated proteins 
(IIIa, VI, VIII, IX), 5 DNA associated core proteins (V, VII, Mu Terminal protein, IVa2) 
and 1 core protease [30].  The capsid proteins are the most likely target for photocatalytic 
oxidation.  The Fibre protein is responsible for infection, and damage to it may render the 
viral particle non-infective.  Damage to hexons may directly inactivate the virions or 
enable easy access for ROS to enter the core and damage the core proteins and/or DNA. 
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The adenovirus lifecycle essentially consists of attachment to a host cell, and 
transport to the nucleus, where early (e.g. E1A protein production) and late (e.g. genetic 
copying) processes occur.  A simplified lifecycle schematic is shown in Figure 2-1. 
 
Figure 2-1 Simplified schematic of adenovirus lifecycle.  Adapted from [4, 32] 
2.4.2. Properties of bacteriophage MS2 
Bacteriophage MS2 is a relatively small (~25 nm in diameter) virus containing 
positive-sense ssRNA that is 3,569 nucleotides long [33].  The capsid forms an 
icosahedral shape and consists of 2 proteins: coat (180 copies) and A (1 copy) [33].  The 
A protein, also denoted the maturation protein, interacts with host cells (F+ E. coli) by 
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attaching to the bacterial pilus, after which the virus injects its genome and A protein into 
the cell [33, 34].  The A protein is attached to the genome at both the 5’ and 3’ ends [35].  
While it is known that the A protein is exposed to the capsid surface [34], the exact 
location is unknown, although it is hypothesized to be at a vertex of the icosahedron [36].  
During photocatalytic oxidation of MS2, the virus may be inactivated by damaging the A 
protein and preventing interaction with host cells or inhibiting lifecycle processes after 
the A protein enters the host.  Damage to the coat proteins can expose the RNA to 
damaging ROS or change the capsid conformation and preventing the A protein from 
interacting with bacterial pili. 
2.5. Survival of adenoviruses during drinking and wastewater 
treatment processes    
The studies reviewed here document the resistance of adenoviruses to water 
treatment processes.  They further highlight the problem that adenoviruses pose to 
providing safe drinking water.  In several studies, adenoviruses were observed to persist 
to the final effluent of several drinking and waste water treatment plants using both 
traditional treatment methods and more modern alternatives (membrane filtration, UV 
radiation).  In some cases, indicator organisms (e.g. bacteriophages and coliforms) were 
not detected although adenoviruses were present.  Several reports of this phenomenon are 
discussed next.   
While more research has been conducted regarding the survivability in 
wastewater treatment, there are a few reports available by van Heerden et al. (2003, 
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2005), Alibinana-Gimenez et al. (2009), and Dong et al. (2010) documenting its 
persistence during drinking water treatment processes [37-40].  The research conducted 
by these authors highlights the potential for adenovirus to cycle through the environment 
and population, as river systems are commonly used both for waste water effluent 
discharge and drinking water intake (directly or through groundwater) [41, 42].  These 
studies also highlight the deficiency of using indicator organisms as a measure of 
microbial water quality, especially when viruses are of concern.  Both research groups 
find the treatment processes adequately eliminate indicator organisms yet still contain 
infectious adenoviruses.  
2.5.1. Survival in drinking water treatment plants 
Adenovirus was twice found to persist to a degree (5.32% samples positive) to the 
final effluent of a South African treatment plant meeting WHO specifications for 
treatment processes, influent quality, and presence of indicator organisms [39, 40].  The 
treatment plant in these cases utilized six stages: coagulation using slaked lime; 
flocculation; sedimentation; carbonation; filtration and chlorination.  In their 2003 study, 
van Heerden et al. detected infectious adenoviruses in 13/102 raw water and 9/204 treated 
drinking water samples collected over the course of a year [40].  Cell culture was used to 
amplify infectious viruses, and nested PCR was used to detect adenovirus in the cell 
culture systems, guaranteeing that all detections represented active viruses.  In 2005 van 
Heerden et al. reported the detection, concentration, and serotypes of the adenovirus 
present at what is presumably the same water treatment plant [39].  Infectious adenovirus 
was detected in 10/45 raw water samples at concentrations ranging from <1.2 x 10
-5
 to 
4.24 x 10
-2
 genomes/L.  In the treated drinking water samples, 10/188 were positive for 
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infectious adenovirus at concentrations of <1.5 x 10
-6
 to 5.25 x 10
-3
 genomes/L.  The 
serotypes detected were mostly (70%) types 40 and 41 with one type 2 and two D species 
also present.  In a more recent study, Dong et al. (2010) report detecting infectious 
adenovirus using integrated cell culture (ICC)-nested PCR in 4/11 finished (post 
chlorination) samples taken from three drinking water treatment plants in New Zealand 
that utilize surface water as a source [38].    
The studies above highlight the resistance of adenovirus to drinking water 
treatment processes.  This same resistance is also reported to occur during wastewater 
treatment.  This resistance leads to the contamination of water systems that are ultimately 
relied on for drinking water, allowing adenovirus to cycle through people and the 
environment.  These results highlight the problem adenovirus poses for water treatment, 
and support the notion that an improved disinfection strategy is necessary.  Photocatalytic 
oxidation may prove to be a better method for inactivation of resistant adenoviruses in 
drinking water   
2.5.2. Survival in wastewater treatment plants 
Along with showing resistance to full scale drinking water treatment processes, 
adenoviruses were found to survive similar wastewater disinfection treatments in several 
studies.  These studies are included to further emphasize that adenoviruses are a serious 
problem in the environment, and support the development of photocatalysis as an 
alternative disinfection method or strategy of overcoming the limitations of UV254 and 
combined-chlorine based disinfection methods. 
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Adenovirus has been documented to survive after final chlorination at 3 different 
activated sludge plants in Melbourne, Australia; Pisa, Italy; and the City of Oak Creek, 
Wisconsin.  Since secondary treatment is commonly used throughout the world, it is 
reasonable to say that adenovirus contaminated wastewater is regularly combined with 
drinking water sources.  The following paragraphs will briefly highlight the studies 
documenting adenovirus survival in during secondary waste water treatment. 
Irving and Smith (1981) reported detecting adenovirus at an average 
concentration of 300 infectious units (IU) /L in 5/7 samples taken from the chlorinated 
secondary effluent at the plant near Melbourne, Australia [43].  The average 
concentration in the raw water was 1,950 IU/L and 25/26 samples tested positive.  This 
represents less than 1 log removal.   
The treatment plant at Pisa, Italy was the subject of three reports by Carducci et 
al. [42, 44, 45].  The 2006 report aimed at correlating the occurrence of viruses (including 
adenovirus) in different environmental matrices (raw and treated wastewater, river water, 
sea water, and mussels) with the occurrence of viruses in people with gastroenteritis cases 
[42].  The same strain of adenovirus was detected in people and seawater, indicating that 
adenovirus may serve as a model for risk assessment.  Regarding the efficiency of the 
treatment plant, 7/12 raw sewage samples and 3/12 treated samples were positive for 
adenovirus.  This study also demonstrated that the presence / absence of indicator 
organisms (fecal coliforms and somatic coliphages) did not correlate with the presence of 
adenovirus.   
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In 2008 Carducci et al. again reported on the removal efficiency of adenovirus 
[45].  In this study all samples (n = 20 each) of the influent and effluent were positive for 
adenovirus.  QPCR was used to quantify the adenovirus concentration present at the inlet 
and effluent, and the authors report an average 2 log reduction in viral genomes detected.  
The resulting effluent concentrations ranged from ~10
1
-10
4
 genomes/L.  The 2009 report 
by these authors again reported 100% of influent and effluent samples were positive for 
adenovirus, with the treatment reducing the viral titer by an average of 2.1 log [44].  This 
study also reported on the serotypes detected.  Most belonged to serotype 2 while one 
type 31 and one type 45 were also detected.  The prevalence of serotype 2 (along with its 
plaquing ability) makes it a good choice for laboratory disinfection studies. 
Along with analyzing samples from an activated sludge plant, Rodriguez et al. 
(2008) reported on virus detection in a high-rate enhanced flocculation and UV 
sterilization treatment process at a wastewater plant in the City of Oak Creek, Wisconsin 
[46].  In this study, infectious adenovirus were detected using cell culture assays in 2/11 
samples of chlorinated secondary effluent and 1/9 samples of UV disinfected water 
treated with the high-rate enhanced flocculation process. 
The ability of adenovirus to persist despite conventional wastewater and drinking 
water treatment processes underscores the need for an improved treatment method for 
virus inactivation.  The next section reviews the efficacy of several disinfectants against 
adenoviruses as studied at the bench scale. The documented resistance of adenovirus to 
several of the studied methods reveals the need for a new disinfection strategy for 
viruses, which may be met by photocatalytic oxidation treatment methods. 
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2.5.3.  Inactivation of adenoviruses at the bench scale: kinetics and mechanisms 
The existing bench scale studies indicate that adenoviruses are highly resistant to 
many alternative disinfection methods that are increasingly used for to limit DBP 
formation that occurs with disinfection.  The inactivation mechanism of adenovirus is 
primarily attributed to protein damage for all but two disinfection methods, UV254 
irradiation, which is not very effective and acts through genetic damage, and coagulation 
– flocculation, a physical removal process.  Photocatalytic oxidation is expected to 
damage proteins and may prove to be highly effective at inactivating adenoviruses, 
however there are no reports on this topic.  Several reports have been published on the 
inactivation of adenovirus by both traditional and alternative disinfection methods.  A 
brief review of the studies available on adenovirus disinfection by various methods is 
given next.         
2.5.3.1. Coagulation – flocculation 
Abbaszadegan et al. (2008) evaluated ferric chloride (0-40 mg/L) + 
polydialyldimethyl ammonium chloride (0.4 mg/L) for removal of adenovirus serotype 4 
by coagulation – flocculation in a jar test apparatus [47].  In this study, the virus was 
spiked at 1x10
6
 50 % tissue culture infective dose / mL (TCID50/mL) into raw drinking 
water from a treatment plant (pH 8, turbidity 0.2 NTU, alkalinity 210 mg/L as CaCO3). 
The maximum removal of adenovirus, 1.4 log, was observed with a dose of 40 mg/L 
ferric chloride.  This is much less than the 4 log inactivation of viruses mandated by the 
USEPA for drinking water plants.  Physical processes like this are typically not relied 
upon to provide high (> 4 log) inactivation of viruses. 
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2.5.3.2. Free chlorine 
Free chlorine is the most efficient for inactivating adenoviruses when compared to 
the inactivation of other microorganisms at the same concentration x time (CT) value 
[48].  However, its use is being limited due to its potential to form DBPs [3].  Page et al. 
(2010) report free chlorine inactivates adenovirus 2 by inhibiting internal proteins that 
regulate its lifecycle rather than damaging the capsid/receptor proteins or genome [12].  
This protein damage may be key to the rapid inactivation kinetics provided by chlorine.  
Free chlorine has long been known to provide high (> 4 log) inactivation of adenovirus.   
In 1956 Clarke et al. showed adenovirus serotype 3 required a CT of 0.027-0.067 
(mg*min)/L for 99.8% inactivation, which generally agrees with more recent reports 
[49].  CT values required to achieve 4 Log inactivation under various reaction conditions 
are reported to fall between 0.06-2.6 (mg Cl2*min)/L [49-53].  The USEPA recommends 
a CT of 3 (mg Cl2*min)/L to achieve 4 log inactivation of all viruses [54].  
While highly effective, free chlorine is not without its limitations.  It was reported 
to lose its efficacy of adenovirus inactivation as pH increases and temperature decreases 
[52, 53].  The inactivation kinetics were also found to vary in different source waters, 
although rates were still relatively high [51].  Page et al. (2009) also observed pH and 
temperature dependence on adenovirus serotype 2 inactivation [52].  They characterized 
the inactivation kinetics as three parallel reaction pathways which are dominant in 
specific pH ranges.  Their pathway 1, hypothesized to be reactions of HOCl with surface 
moieties, is dominant at pH<8.1 and is temperature sensitive.  This pathway produces the 
rapid initial drop in infectivity but fails to completely inactivate the virus, which is 
governed by slower processes, pathways 2 and 3.  These pathways are hypothesized to be 
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associated with additional conformation changes or damage due to secondary oxidizing 
species (e.g. thiol oxidation by chloramines formed by HOCl and amine groups) [52].  
However, this 3 pathway hypothesis was ruled out in their subsequent mechanistic [12].     
Other parameters besides pH and temperature can also affect the efficacy of free 
chlorine (and other methods).  Virus aggregation was found to increase the required CT 
values by up to 31 and 2.8 orders of magnitude for feline calcivirus and poliovirus-1, 
respectively [53].  This is significant as viruses are likely present as aggregates or 
associated with particles in the environment and require higher than recommended CT 
values for adequate disinfection [53, 55].  This may explain why adenovirus has been 
found to survive chlorination in some degree in several drinking and waste water 
treatment plants, as is discussed in sections 2.5.1 and 2.5.22.5.1.  Changes in temperature 
and pH, virus aggregation, and particle shielding are likely to reduce the efficiency of 
TiO2 photocatalytic oxidation as well. 
2.5.3.3. Monochloramine 
Combined chlorine, particularly monochloramine, is an alternative to chlorine 
disinfection for use when the formation of disinfection byproducts is a concern.  Similar 
to free chlorine, monochloramine inactivates adenoviruses by inhibiting early lifecycle 
events, although it is not clear if this is due to protein or genetic damage, which both 
occur [4].  In general, adenovirus is highly resistant to monochloramine, although the 
published reaction kinetic data is not very consistent.  The redox potential of 
monochloramine is much less than free chlorine (450 vs. 700 mV, respectively) which 
may explain its inefficiency [56].   Most studies do not report achieving 4-log 
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inactivation, and reaction rates are slower at lower temperatures.  For example, Baxter et 
al. (2007) report 2.5-log inactivation of adenovirus types 5 and 41 at an exposure of 340 
(mg*min)/L at 5˚C and pH 8.5 [50].  Shin and Lee (2010) report that much higher doses 
are necessary; they observed 2-log inactivation by a dose of 2,500 (mg*min)/L at 5˚C and 
pH 8.0 [57].  The reaction rate increases with increasing temperature and decreasing pH 
but relatively high CT values are still required.  Sirikanchana et al. (2008) report a 4-log 
inactivation of adenovirus type 2 from an exposure of 240 (mg*min)/L at 10˚C and pH 6 
[58].     
The high CT values required to achieve moderate disinfection levels of 
adenovirus make monochloramine a poor choice for disinfection when viruses are of 
concern.  The EPA recommends a CT of 712 (mg*min)/L for 3 log removal of all viruses 
vs. 72 (mg*min)/L for bacteria (E. coli) [48].  Since monochloramine is capable of 
damaging adenovirus proteins as chlorine can, the question arises as to why there is such 
a large difference in the efficacy of these oxidizing disinfectants.  It is possible that the 
damage sites are different, or monochloramine is less effective due to its lower oxidation 
potential.  Photocatalytic oxidation using TiO2 produces highly oxidizing HO• that may 
rapidly damage adenovirus proteins and lead to effective inactivation. 
2.5.3.4. Chlorine dioxide 
One study is available on the disinfection of adenoviruses by chlorine dioxide 
(ClO2) [59].  Using adenovirus type 40, the maximum CT required for 4-log inactivation 
under the conditions tested was 1.59 mg*min/L.  This is much less than that 
recommended by the EPA in the disinfection guidance manual for 4-log inactivation of 
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viruses (33.5 mg*min/L).  Like free chlorine and monochloramine, the inactivation 
kinetics is highly dependent on the solution conditions, namely pH and temperature.  
ClO2 has a high oxidation potential, and oxidation occurs in a very specific manner [48].  
This specificity may explain why adenovirus is rapidly inactivated, but feline calcivirus is 
much more resistant to ClO2 disinfection [59].  Regardless, this study demonstrates that 
highly oxidizing species, which are capable of damaging proteins, rapidly inactivate 
adenoviruses.  The ROS produced by TiO2 and other photocatalysts may therefore be 
highly effective for adenovirus disinfection.   
2.5.3.5.  UV irradiation 
 UV radiation is attractive as an alternative disinfection method since most 
organisms are highly susceptible and it is not known to form any disinfection byproducts.  
However, adenovirus is highly resistant to UV radiation, particularly low pressure (LP) 
254 nm “germicidal” rays.  This resistance is due to the ability of adenovirus to utilize 
host cell enzymes for repair of genetic damage, which is the mechanism of LP UV 
inactivation [5].  Because of this resistance, the USEPA has specified a fluence of 186 
mJ/cm
2
 for 4-log inactivation of viruses from drinking water [2].  Several literature 
reports are available demonstrating 4-log inactivation of adenovirus serotypes 2, 4, 5, 40, 
and 41from a UV254  fluence of 80-226 mJ/cm
2
 [60-65].  The discrepancy in fluence 
requirements is mainly due to the different serotypes used in the studies. The high fluence 
requirement for adenovirus inactivation translates into a higher energy usage and 
treatment cost.   
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Significant improvement in the UV inactivation kinetics is obtained by using 
polychromatic (medium pressure, MP) UV sources.  For example, Linden et al (2007) 
observed 4-log inactivation of adenovirus type 40 from an MP fluence of 30 mJ/cm
2
 [66].  
Eischeid et al. (2009) showed 4-log removal of adenovirus type 2 with an MP fluence of 
only 23 mJ/cm
2
 [60].  The improved inactivation by MP UV is attributed to damage to 
outer capsid and inner core proteins by the longer UV wavelengths present in the MP UV 
emission spectrum [10].     
The results of the MP UV studies suggest that application of a photocatalyst to 
UV disinfection systems can also improve the adenovirus inactivation efficiency.  Clearly 
protein damage plays a dominant role in the inactivation of this pathogen.  The ROS 
produced by photocatalysts would accelerate protein damage and thus the inactivation 
kinetics of UV disinfection processes. 
2.5.3.6.   UV irradiation + chemical residual 
More information on the inactivation of adenoviruses through both genetic and 
protein damage mechanisms can be obtained in studies of disinfection by UV irradiation 
followed by chemical residual.  A downside to UV radiation is that no disinfecting 
residual remains in the distribution system.  Free chlorine or monochloramine are 
commonly used to provide a residual after UV treatment.  These chemicals have been 
investigated in conjunction with UV radiation for adenovirus inactivation to determine if 
a synergism occurs and if they can provide adequate disinfection.  These studies are 
interesting since they combine disinfection processes which act through different 
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mechanisms, i.e. genetic damage for LP UV and protein damage for free chlorine, 
monochloramine, and MP UV.   
Ballester and Malley (2004) demonstrated >4-log inactivation of adenovirus type 
2 from a UV254 dose (40 mJ/cm
2
) and subsequent chlorination (3 mg/L total, 0.33 mg/L 
free) in water containing 0.77 mg/L ammonia for 15 minutes [67].  They also observed 
inactivation was greater when chlorination followed UV radiation rather than vice versa, 
which provides some evidence for a synergism.  This gives support to the hypothesis that 
including a photocatalyst in existing UV254 disinfection processes could greatly enhance 
the virus inactivation efficiency by introducing a new inactivation mechanism: protein 
damage.  A study using monochloramine does not show as promising a result.   
Baxter et al. (2007) specifically investigated if adenovirus type 2 was more 
susceptible to preformed monochloramine after UV254 irradiation [50]. They found 
irradiated and non- irradiated viruses were disinfected at the same rate, suggesting no 
synergism occurs, however monochloramine may not damage proteins to as great extent 
as free chlorine due to its lower oxidation potential.  Shin and Lee (2010) investigated 
both UV254 and polychromatic UV along with monochloramine for adenovirus type 2 
disinfection [57].  Like Baxter et al. (2007), they did not observe increased susceptibility 
of the virus to monochloramine after UV exposure (either source).  An interesting result 
in Baxter et al. (2007) is that they demonstrated > 4-log inactivation of adenovirus type 2 
from sequential UV254 (45 mJ/cm
2
) and monochloramine addition (CT = 50 mg * min / 
L), while the individual processes required 190 mJ/cm
2
 (which is unusually high) or a CT 
of 125 mg * min / L.  Baxter et al. (2007) do not point out that the dosage requirements to 
reach 4-log inactivation for each method when combined are less than half that required 
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when applied individually.  This then also supports the hypothesis that including a 
photocatalyst in existing UV disinfection processes could greatly enhance the virus 
inactivation efficiency.       
The results of the bench scale adenovirus disinfection studies for all treatment 
methods reveal that there exists much room for improving the disinfection of these 
viruses in drinking water.  While free chlorine is effective, it’s use is limited due to DBP 
formation.  Adenoviruses are highly resistant to alternatives monochloramine and UV254 
as compared to other microorganisms, indicating the need for more disinfection 
strategies.  MP UV irradiation is promising, and including a photocatalyst in the process 
could further increase the efficiency.  These studies also show that protein damage is the 
most effective mechanism for adenovirus inactivation.  Since photocatalytic oxidation is 
expected to readily damage adenovirus proteins, this technology may prove highly 
efficient for adenovirus inactivation. 
2.5.3.7. Ozone 
Two studies are available on the disinfection of adenoviruses by ozone.  Under 
the conditions tested by Thurston-Enriquez et al. (2005), the highest CT value required 
for 4-log inactivation of adenovirus type 40 was 0.6 mg*min/L [13].  This value is less 
than that recommended by the EPA, 1.2 mg*min/L for viruses, as given in the 
disinfection guidance manual.  With its high oxidation potential, ozone is capable of 
damaging virus proteins.  Murray et al. (2008) showed major capsid damage to 
adenovirus type 2 after disinfection with ozone [11].  In this study, TEM imaging showed 
the capsids of treated virions were broken open while untreated remained intact.  The fact 
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that ozone, a ROS, rapidly inactivates adenovirus and causes significant damage to virus 
proteins lends credence to the hypothesis that ROS generated by photocatalysts may be 
highly effective for adenovirus disinfection. 
2.6.  Photocatalytic oxidation as alternative treatment method for 
virus inactivation 
The reactive oxygen species generated by photocatalysts are highly reactive and 
capable of damaging proteins.  On account of this, photocatalytic oxidation may be 
highly effective for inactivating viruses in water.  Several different photocatalysts exist, 
however TiO2 is by far the most studied.  Fullerene based materials are also receiving 
increased attention. The following sections review information on both these 
photocatalysts. 
2.6.1. Titanium dioxide based photocatalytic oxidation 
Titanium dioxide is an attractive photocatalyst for water treatment as it is resistant 
to corrosion and non-toxic when ingested [68].  Its ability to degrade organic 
contaminants and inactivate both viruses and bacteria has been demonstrated, although 
the information on virus inactivation is limited.  Several reports demonstrate virus 
inactivation by TiO2 and TiO2 based materials.  Many questions still remain regarding the 
photocatalytic inactivation of viruses that must be answered before photocatalytic 
oxidation may be relied upon as a treatment method.  First, it is not known how 
adenovirus, which is resistant to many disinfection methods and has a complex structure, 
responds to photocatalytic inactivation.  Second, it is also not known (for any virus) 
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whether damage to protein or genetic materials is primarily responsible for virus 
inactivation.  The inactivation method may be different for different viruses, especially 
for viruses with simple structures containing RNA (e.g. MS2, noroviruses) vs. viruses 
with complex structure containing DNA (e.g. adenoviruses).   
Thirdly, while it has been shown that HO• is primarily responsible for MS2 
inactivation [69, 70], it is not known if different ROS have a greater role in inactivating 
other viruses.  Other studies have demonstrated singlet oxygen inactivates MS2 by 
oxidation in a site specific manner [69, 71] when HO• is not present / insignificant.  Of 
the studies available on virus inactivation kinetics, it is clear that the inactivation rates 
must increase before photocatalysis is a viable virus disinfection option, yet little research 
has been conducted on improving catalyst reactivity for virus inactivation.  Improvements 
to catalyst reactivity may be accomplished by increasing ROS production and/or 
increasing substrate adsorption, however the relative importance of these parameters is 
not known.  
2.6.1.1. TiO2 mechanism of action 
 The basic mechanism of TiO2 photoactivation and reactive oxygen species (ROS) 
generation is well known [72].  Upon adsorbing a photon of energy equal to or greater 
than the material bandgap, an electron is promoted from the valence to the conduction 
band.  The typical fate of the excited electron is recombination with the electron hole; 
however, the charges may migrate to the material surface where they directly engage in 
redox reactions with solution components, or first become trapped and then engage in 
redox reactions.  This scheme is presented in Figure 2-2. 
 29 
 
Figure 2-2 - Mechanism of charge generation and transfer in TiO2 photocatalytic 
oxidation.  Adapted from [60] 
ROS species may be formed through both reductive and oxidative pathways.  In a 
typical environmental application of TiO2 photocatalytic oxidation, oxygen is present to 
readily accept exited electrons.  Adsorbed oxygen is first reduced to superoxide anion 
(O2
•-
), from which hydroperoxyl radical (HO2
•
), hydrogen peroxide (H2O2), and hydroxyl 
free radical (HO•) are subsequently produced as detailed in reactions (R1) – (R11). [73]. 
 
  22 OeO cb          
(R1) 
  22 HOHO          (R2) 
22222 OOHHOHO 

        (R3) 
2222 OHOHOO 

        (R4) 
222 OHHHO 

         (R5) 
2222 OOHHOOHO 

            (R6) 
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2222 OHeOH
          (R7) 
2222 OOHHOOHO 

       (R8) 
OHHeOH 222 222 

       (R9) 
222 2 OHhOH 

        (R10) 
 HOhOH 222           (R11) 
 
The holes vacated by the excited electrons in TiO2 are another source of ROS.  
Holes are capable of directly oxidizing adsorbed compounds, or becoming trapped as Ti-
HO•.  Holes can also oxidize H2O and OH
-
 to form HO•.  The HO• can either remain 
adsorbed on the TiO2 surface or migrate into the bulk solution and oxidize other solution 
components [72].  HO• has the highest oxidizing potential of the ROS formed, and is 
generally considered the primary ROS reactant in photocatalytic systems.   
Table 2-1 lists the oxidation potentials (vs. SHE, pH7) of relevant ROS. 
Table 2-1 - Potentials of various redox pairs vs. SHE at pH 7 [68] 
Redox Pair Potential (V) 
Conduction Band e
-
 -0.52 
O2 / O2
•-
 -0.28 
H2O2 / H2O +1.35 
O3 / H2O +2.07 
HO• / H2O + 2.27 
TiO2 Valence Band Hole* +2.53 
*value varies depending on crystal structure 
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2.6.1.2. ROS responsible for TiO2 based virus inactivation 
Studies on the ROS responsible for virus inactivation by TiO2 have only 
investigated the response of bacteriophage MS2.  It is possible other viruses behave 
differently.  The first report of virus inactivation by TiO2 by Sjorgen and Sierka (1993) 
demonstrated that MS2 can be inactivated by 1 g/L suspended P25 TiO2 [70].  In their 
study 2 M ferrous sulfate was added as an enhancer of HO• production, resulting in a 
marked increase in MS2 inactivation (3 log vs. 1 log inactivation after 10 minutes 
irradiation).  This result provided evidence that HO• is at least partly responsible for the 
antiviral activity of the material. Likewise, Cho et al. (2005) demonstrated ~2 log 
removal of MS2 after 180 minutes of UV-A irradiation using suspended P25 TiO2 as the 
catalyst [74].  They were able to show that HO• was primarily responsible for the 
antiviral activity by employing methanol and tert-butanol as scavengers for HO•.  Similar 
to Sjorgen and Sierka (1993), Cho et al. (2005) employed Fe
2+
 as an enhancer of HO• 
production, which resulted in increased MS2 inactivation, further indicating HO• is 
primarily responsible. 
2.6.1.3.  Assessing oxidative damage to protein and genetic material 
 Only the potential for photocatalytic oxidation to degrade both virus protein and 
genetic material has been demonstrated.  It is not known whether protein damage is 
responsible and sufficient for inactivation, or if damage to genetic material is necessary.  
It is also not known what level or type of protein damage is required for inactivation.  As 
a potent oxidizing agent, HO• is likely to attack the virus capsid, envelope (if present), 
and genetic material.  Sufficient degradation of the capsid may prevent the virus from 
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infecting cells, while sufficient genetic damage may prevent replication within infected 
cells.  Since the genetic material is protected within the capsid, it is likely the capsid is 
first degraded sufficiently before genetic damage occurs.   
Kashige et al. (2001) synthesized a thin film of anatase and applied it for 
inactivation of phage PL-1 [75].  While their material was shown to be effective, it took 
~27 hours of UV-A irradiation to produce 4-log10 inactivation.  The kinetics was slowed 
in the presence of bovine serum albumin, suggesting that protein (capsid) damage is the 
mechanism of inactivation.  However this evidence is extremely weak, as it does not 
show the albumin is specifically degraded or reacts with ROS.  It is possible albumin 
merely blocks TiO2 active sites.  DNA damage was also shown to occur by analyzing 
treated virus DNA using agarose gel electrophoresis.  DNA from treated viruses smeared 
along the length of the gel indicating fragmented DNA, while DNA from the controls 
formed a tight band.  Smearing suggests random damage to the DNA rather than specific 
fragmentation.  No conclusions may be drawn from their work other than TiO2 can 
damage genetic material and extra protein in the reaction medium slows the kinetics.     
Other authors have provided evidence that proteins and genetic material are both 
targeted by TiO2.  Zan et al. (2007) demonstrated that irradiated TiO2 (liquid suspension 
and dry film) can degrade hepatitis B virus surface antigen (HBsAg) [76].  Xu et al. 
(2007) confirmed the degradation of HBsAG and also showed that irradiated TiO2 is 
capable of degrading RNA and casein [77].  While Kashige et al., Zan et al., and Xu et al. 
provide evidence that TiO2 degrades both protein and genetic material, neither study is 
specific enough to identify if either general capsid oxidation or oxidation of specific 
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proteins is primarily responsible for virus inactivation.  It is also not clear if inactivation 
occurs before damage to genetic material begins.   
There is evidence to suggest that ROS damage to virus capsids occurs in a site 
specific manner.  Damage to capsid proteins was identified as the mechanism of MS2 
inactivation in a study of oxidation by singlet oxygen and UV254. Wigginton et al. (2010) 
used mass spectroscopy (MS) to specifically identify the 4 exact protein damage sites 
caused by oxidation [71].  While HO• has a higher oxidation potential and thus reactivity 
than singlet oxygen, there is some evidence that it may react at specific amino acid 
residues in proteins and short peptides.   
Hawkins and Davies (1998) used electron paramagnetic resonance (EPR) 
spectroscopy and computer simulation to demonstrate preferential peptide cleavage at 
alanine and glycine resides (at the -carbon), while side chain attack was more common 
when residues containing larger side chains (valine, leucine) [78].  They attributed this to 
the inability of the -carbon radicals formed at residues with large side chains to form a 
planar configuration on account of hindrance of the side chains with the protein 
backbones.  This in turn prevents maximal delocalization of the unpaired electron.  Jones 
et al. (2007) developed a protocol to specifically cleave peptides using irradiated TiO2 
[79].  They observed repeatable cleavage at proline residues, while proteins with no 
proline residues were not cleaved.  They offer no explanation for the specificity of 
cleavage at proline other than references to other (inconclusive) studies.  The studies on 
specific protein cleavage sites do not dismiss that additional protein oxidation occurs.  
Oxidation that does not result in cleavage may still lead to virus inactivation, as observed 
by Wigginton et al. (2010) [71]. 
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2.6.1.4. Effect of catalyst reactive oxygen species (ROS) production 
Increasing catalyst ROS production is one strategy to improve the virus 
inactivation kinetics.  This strategy is most important when mass transfer of viruses is not 
limiting.  In their studies of MS2 inactivation by TiO2, both Sjorgen and Sierka (1993) 
and Cho et al. (2005) show inactivation increases in the presence of a HO• production 
enhancer (ferrous sulfate) [70, 74].  Sato and Taya (2006) varied the anatase : rutile ratio 
of their catalyst to affect the quantum yield and MS2 adsorption quantity to the catalyst 
[80].  Although they did not measure ROS production, they relied on modeling to 
conclude that increased ROS production was responsible for the observed enhanced 
inactivation kinetics produced by one of their materials (70:30 anatase : rutile TiO2).  
While Sato and Taya (2006) controlled for differing virus adsorption quantities to the 
materials in their calculations, their conclusions are not solid without corresponding ROS 
production measurements.  Other studies suggest virus adsorption is a major factor in 
controlling the virus inactivation kinetics. 
2.6.1.5. Effect of solution conditions and virus adsorption 
Solution chemistry directly affects the adsorptive dynamics of photocatalytic 
systems.  Although long range ROS such as H2O2 can be generated by TiO2, viruses 
adsorbed to the catalyst will experience the highest ROS concentrations and be 
inactivated more quickly than those in the solution bulk.  The presence of ionizable 
surface residues on the virus and solution chemistry are both important factors governing 
the interaction between the virus and catalyst.   
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In studying the effect of various ionic species on MS2 inactivation by suspended 
P25 TiO2, Koizumi and Taya (2002) found that the inactivation rate was proportional to 
the adsorption quantity of MS2 on TiO2 [81].  NO3
-
, SO4
2-
, K
+
, PO4
3-
 and Ca
2+
 each 
lowered the adsorption quantity of MS2 and reduced the inactivation rate when present at 
100 mM, while Cl
-
, Br
-
, and Na
+
 did not significantly affect the amount adsorbed or the 
inactivation rate.  In a separate study, Koizumi and Taya (2002) varied the pH of the 
reaction solution and again observed that the MS2 inactivation rate by suspended P25 
TiO2 was proportional to the adsorption quantity, which varied with the pH as a result of 
electrostatic interactions [25].  While these studies demonstrate the importance of virus 
adsorption on the photocatalytic inactivation kinetics, they do not fully characterize the 
phenomenon.  They also do not account for the potential of different ROS production 
rates under different solution conditions.  Measuring ROS production and modeling both 
adsorption and photocatalytic inactivation processes are required to fully understand the 
inactivation mechanisms. 
2.6.1.6.  Virus adsorption and kinetic photocatalytic inactivation models 
Adsorption and reaction modeling are important to understand the dependence of 
virus inactivation kinetics on the various system parameters (virus concentration, light 
intensity, catalyst concentration / surface area, water quality).  This knowledge is then 
used to understand the relative importance of the different processes involved: 
adsorption, ROS generation, surface and bulk reactions, and desorption of inactivated 
viruses.  There is no information on the effect of initial virus concentration and 
adsorption quantity over large (6 orders of magnitude) differences in values, which could 
occur during actual treatment applications.  One study exists on virus inactivation by 
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TiO2 that predicts changing kinetics with changes in catalyst ROS production and virus 
adsorption quantity.     
Sato and Taya (2006) discussed the kinetics of virus inactivation by TiO2 and 
shed some light on this system [80].  They observed pseudo first order kinetics for virus 
inactivation, as is demonstrated in other virus inactivation studies [25, 70, 74, 81].  
However, they varied the anatase : rutile ratio of their catalyst to affect the quantum yield 
and MS2 adsorption quantity to the catalyst.  They derived (Equation 2-1) the apparent 
deactivation rate constant (k’, s-1) to be a function of the ROS concentration (Cox, kg m
-3
) 
and total (active + inactive) quantity of virus adsorbed to the photocatalyst (qT, PFU kg
-1
).  
The rate constant is also a function of the inherent or true rate constant (ktrue, m
3 
mol
-1
 s
-
1
), TiO2 concentration (CT, kg m
-3
), the concentration of ROS, (Cox, (kg m
-3
) and titer of 
active virus (NT, PFU m
-3
).  They assumed adsorption equilibrium between the viruses 
and catalyst, that only adsorbed viruses are inactivated, that adsorption follows the 
Freundlich isotherm (Equation 2-3), that the inactivation reaction is second order with 
respect to the ROS and virus concentrations, and that active and inactive viruses have the 
same adsorption affinity.  Their analysis showed that 
Equation 2-1 
    
       
  
        .         
 
In the above equation Cox is related to the quantum yield of the catalyst, light 
intensity, irradiated reactor area, ROS extinction rate, and catalyst volume.  By keeping 
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these parameters constant, they could compare k’/qT values for disinfection of MS2 by 
different nanomaterials to compare the values of Cox and identify catalysts that 
demonstrate enhanced ROS production. They reported a change in the quantum yield and 
adsorption capacity of TiO2 by adjusting the percentages of anatase and rutile phases 
mixed in the reaction system.  While adsorption (qT) of the virus was highest when 100% 
anatase was used (qT = 7.6 x 10
13
 PFU kg
-1
, k’ = 1.8 x 10-2 s-1), the inactivation rate 
constant (k’) was the highest with 70% anatase (qT=3.8 x 10
13
 PFU kg
-1
, k’ = 5.1 x 10-2 s-
1
).  The enhanced inactivation rate was attributed to improved electron transfer through 
anatase-rutile contact points, although the ROS production was not measured for the 
different catalysts to confirm this result [80].   
Sato and Taya’s (2006) study is a good example of how modeling the 
photocatalytic reaction can provide information on the relative importance of adsorption 
and ROS production.  While their analysis is specific for viruses, more modeling work 
has been conducted using simpler compounds as the contaminant in the reaction system.  
These models may also be used to obtain information of the effects of photocatalytic 
system parameters. 
The general consensus regarding photocatalytic reactions is that the species of 
interest (contaminant) is first adsorbed to the photocatalyst upon which it is subsequently 
degraded.  While some ROS (e.g. H2O2) have long lifetimes, the more potent ROS (e.g. 
HO•, 1O2) have short lifetimes (micro to nano seconds) and only exist at significant 
concentration near the catalyst surface.  Therefore both the rates of adsorption and 
reaction must be considered, in kinetic models of the reaction system.  Common 
adsorption and reaction models are given in the subsections below.  These models are 
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developed for describing photocatalytic degradation of chemical contaminants. It is 
unclear whether they apply to microbial pathogens such as viruses, which are particles 
much larger than dissolved chemical species. 
Adsorption models 
The Langmuir isotherm is commonly applied to model substrate adsorption to 
photocatalysts.  This model assumes that adsorption occurs via reversible chemisorption 
to only one adsorption site per molecule, that only a monolayer forms and that adsorbed 
molecules do not interact (i.e. energy of adsorbed species is the same and not affected by 
adsorbates present at other sites) [82].  At equilibrium, the fractional surface coverage of 
a species on an adsorbent (θ) is given by Equation 2-2, where Ce is the equilibrium 
solution concentration of the species and K is the Langmuir adsorption constant. 
Equation 2-2 
e
e
KC
KC


1

              
 
Another commonly used adsorption model is the Freundlich isotherm.  This 
model applies to materials than contain a population of sites having different adsorption 
energies.  Each site however obeys the assumptions of the Langmuir model, and the 
Freundlich isotherm can be derived by adding up the Langmuir adsorption isotherms of 
the individual sites.  This model may be more applicable to the virus-TiO2 system when 
modified TiO2 is used where multiple species are present on the catalyst surface (e.g. 
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TiOH, SiOH).  The Freundlich ishotherm is given as Equation 2-3, where Kf and n are 
Freundlich model parameters. 
Equation 2-3 
n
efeq CKq
1
           
 
Kinetic photocatalytic reaction models 
The Langmuir-Hinshelwood (L-H) kinetic model is frequently employed to 
describe the data obtained in various photocatalytic degradation studies [72, 83-85].  The 
model’s applicability in these studies makes it a good starting point for analyzing the 
virus-TiO2 system.  In the L-H model, all reactant species are adsorbed and in 
equilibrium with the surface before reacting (i.e. species react in chemisorbed state) and 
adsorption equilibrium is instantaneous [82].  By assuming that the system is at steady 
state, that the product formation step is rate limiting, that the product is weakly adsorbed, 
and one (of two) reactant is present in excess, the unimolecular form of the L-H model (  
Equation 2-4) may be written as [82]:    
Equation 2-4 
e
e
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1
0          
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In photocatalytic oxidation, the [HO•] is typically considered to be present at 
much higher concentrations than the other reactant, and this form is commonly used to 
model data [85].  It should be noted that k is an apparent rate constant in this sense, as it 
is related to the concentration of ROS (namely HO•) through the catalyst concentration 
and light intensity [82, 85].  When these parameters are held constant, k may be 
considered “true.” 
To determine the rate and adsorption constants, a plot of ro
-1
 vs Co
-1
 is generated 
where the slope is equal to (kK)
-1
 and the intercept is equal to k
-1
.  Numerical methods can 
also be used to fit the data directly.  This model has been modified to account for other 
adsorbing species (Ci) which may interfere with the compound of interest, as shown in  
Equation 2-5 [82].  Other species competing for adsorption could be substances 
from the solution matrix or simply the reaction products if they adsorb significantly.  This 
can be avoided by using ultrapure water and initial reaction rate data, where the product 
concentration is very low and can be neglected. 
Equation 2-5 
     
    
      ∑     
 
 
        
 
The fact that the Langmuir-Hinshelwood equation frequently fits experimental 
data well is not sufficient evidence to conclude that the underlying assumptions are valid.  
It is important to restate that according to the L-H mechanism, reaction occurs subsequent 
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to adsorption.  In 1990 Turchi and Ollis investigated the mechanisms possible for HO• 
attack on organic substrates, considering reactions on the surface, in the fluid, and via a 
Rideal mechanism (reactant from solution reacts with adsorbed reactant directly) [86].  
The derived rate equations all had forms similar to the L-H equation, yet the respective 
parameters differed in their fundamental meanings.  It is therefore erroneous to assume 
that the L-H mechanism applies to a particular system when the only evidence is that the 
data fits the L-H equation.  The investigation of the underlying mechanism of substrate 
degradation by TiO2 still continues.  
Ollis revisited this issue in a 2005 publication in an attempt to clarify the 
underlying reaction mechanism [87].  His analysis was prompted by reports in the 
literature evidence of k and K values (unimolecular L-H equation,   
Equation 2-4) changing with the light irradiance.  By developing a pseudo-steady 
state analysis method, Ollis determined that both the apparent photocatalytic rate 
constant, k, and the apparent adsorption equilibrium constant, K 
app
LH, depend on light 
intensity (I) through the formation of HO• (Equation 2-6 and  
Equation 2-7).  K
app
diss in this equation is the apparent disassociation equilibrium 
constant, k+1 the rate constant for adsorption, k-1 the rate constant for disassociation, and 
n an equation parameter. 
Equation 2-6 
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Equation 2-7 
     
    
 
   
    
      
 
   
 
 
In explaining these equations, Ollis hypothesized that reactant 
adsorption/desorption equilibrium is not established during illumination since the high 
reactivity of active sites causes continuous displacement of the adsorbed reactant 
concentration from the coverage corresponding to the equilibrium surface concentrations 
under dark conditions [87].  This “slow step” approximation depends on light intensity 
only through the apparent rate constant, kLH.  The assumption by Ollis of continuous 
reactant displacement from the catalyst may not be true when the contaminant is large 
and complex (e.g. viruses), since they require repeated and prolonged ROS attack to 
completely mineralize. 
One of the literature reports prompting Ollis to develop the pseudo-steady state 
analysis method for photocatalytic oxidation was published by Emeline et al. (2000) [88].  
In this study Emeline et al. observed that the parameters kLH and KLH for phenol oxidation 
by TiO2 varied with the light intensity.  In 2005, Emeline et al. responded to the pseudo-
steady state analysis proposed by Ollis with an alternative mechanism to explain their 
data reported in 2000 [83].  Namely, they propose a reaction step for the photo-induced 
inactivation of excited surface states to account for the recombination of trapped charges 
through surface active centers.  Assuming that photodesorption is the major pathway 
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responsible for the drop in surface coverage of the reactant (otherwise the analysis leads 
to the L-H equation), Emeline et al. writes a reaction rate equivalent to: 
Equation 2-8 
  
  
 
   
     
 .      
 
In the above equation,  is the photon flow, C is the reactant concentration, and 
and  are empirical constants independent of light irradiance and concentration.  
This equation is the same form as the L-H model.  This rate form accounts for the 
observed dependence of kLH and KLH on the light irradiance.  Emeline et al. proposed that 
this mechanism was more realistic than that proposed by Ollis for two reasons [83].  The 
first issue is regarding Ollis’ assumption of steady state applying to the surface coverage 
of the reactant molecules without providing evidence besides the observed kinetics.  
Secondly, at low concentrations of the reactant molecule, steady state could not be 
applied to the reaction steps proposed by Emeline et al. 
The mechanistic analyses conducted by Ollis and Emeline et al. are based on the 
degradation of relatively simple substrates.  Viruses in contrast are complex, large 
structures that may behave differently during photoreactions.  They are not the ideal 
substrate for probing the fundamental mechanisms of TiO2 photocatalytic oxidation. 
While the debate over the exact mechanisms underlying the photocatalytic 
oxidation continues, several research groups have applied this technology for inactivating 
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viruses despite the lack of clarity concerning the exact mechanism.  It is clear however 
that increasing virus adsorption and/or catalyst ROS production are strategies for 
improving the efficiency of virus inactivation by TiO2. 
2.6.1.7. Modified TiO2 catalysts for enhanced virus inactivation 
There are several potential routes for improving the efficiency of virus 
inactivation by TiO2.  Ultimately, these methods either increase the ROS production of 
the catalyst, alter the activation energy to that corresponding to visible light wavelengths, 
or increase the adsorption of target contaminants.  Various metals, such as Ag, Pt, Pd, 
Au, Fe, Mg, V, Cr, Mn, and Ni, have been identified to increase contaminant degradation 
[89-92].  Other elements and compounds, such as N, carbon nanotubes, and silica, have 
been shown to provide a benefit [93-95].  Of the thousands of studies published on 
improving TiO2 reactivity for contaminant degradation, only two exist seeking to 
improve its virus inactivation potential.   
Sato and Taya (2006) varied the anatase : rutile ratio of their TiO2 and found 70: 
30 produced the fastest virus inactivation kinetics (2.5 times faster than 100% anatase and 
5 times faster than 100% rutile) [80].  Improving (or enabling) ROS production at visible 
light wavelengths is another motivation for modifying TiO2. Li et al. (2008) synthesized 
palladium doped TiO2 fibers and applied it for inactivating MS2 [96].  They produced 
over 99.7% inactivation (by adsorption and photocatlaysis combined) under visible light 
irradiation and confirmed the production of HO• formation under visible light using 
electron paramagnetic resonance spectroscopy.   
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These two studies demonstrate improvements may be made to TiO2 for virus 
inactivation, but there is no information on whether the other successful improvement 
strategies identified in the multitude of studies of simple contaminant degradation will 
also improve the inactivation of viruses.  In selecting a method for improving the virus 
inactivation kinetics, it is important to consider the stability and toxicity of the species 
used for modifying TiO2. 
Silver and silica are two species that hold promise for enhancing virus 
inactivation by TiO2.  Silver is known to be antimicrobial itself and is not generally a 
concern in water systems when present at levels below 0.1 mg/L [2].  Thus limited 
leaching of silver from Ag/TiO2 should not pose a problem.  Silica is non-toxic, stable 
and has improved TiO2 activity in some instances.   
Modifications with Silver 
Metal doping is thought to enhance photocatalytic oxidation by trapping excited 
electrons and preventing charge recombination (Figure 2-3) [97-100]. Electron trapping 
can occur if the dopant has a lower Fermi level than the excited electron.  Silver in 
particular has been shown to enhance the photocatalytic efficiency of TiO2 for both 
contaminant degradation and bacterial inactivation [73, 92, 101-110]. However, there is 
limited information on the antiviral capabilities of this material [111].  Along with 
facilitating charge separation, silver is thought to enhance TiO2 photocatalytic oxidation 
by providing more surface area for adsorption and directly interacting bacteria [112, 113].  
However, one study demonstrating the enhanced activity of nAg/TiO2 found that silver 
did not increase the surface area according to BET analysis [73].   
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Figure 2-3 - Electron capture by a noble metal on TiO2 surface.  Adapted from Iliev 
et al. [99]. 
 
Another reason to choose silver to improve the virus inactivation kinetics is that 
silver ions and nanoparticles have been shown to have antimicrobial properties 
themselves.  Silver ions bind to the thiol groups of cysteine residues in microbial 
enzymes, hindering their functions, as well as producing damaging ROS, even without 
UV irradiation [114].   Silver ions have also been shown to damage bacterial cell 
membranes and inhibit DNA replication [115].  Silver nanoparticles have been shown to 
bind to external glycoproteins on HIV-1 viruses, inhibiting their infective mechanism 
[116].  A study by Morones et al. (2005) suggested that three mechanisms are involved in 
the antibacterial action of silver nanoparticles against gram negative bacteria [117].  The 
first mechanism is particles from 1-10nm bind to the cell membrane and disrupt its 
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function.  The second is particles enter the cell and disrupt the functions of sulfur and 
phosphorous containing compounds.  The third is particles release silver ions which have 
been shown to have antimicrobial activities.   
Utilizing silver to enhance the antimicrobial action of TiO2 photocatalytic 
oxidation allows several different inactivation mechanisms to work in concert.  
Therefore, it is possible that a synergism occurs between silver and TiO2 when silver 
doped titanium dioxide (nAg/TiO2) is used for inactivating microorganisms under UV 
radiation.  While dissolution of silver may pose a challenge in implementing this 
technology, the reducing power of activated TiO2 may aid in keeping the metal in its zero 
valent state.  This in turn may limit the effect of silver ions on microorganisms. 
The optimum silver content for enhancing TiO2 photocatalytic oxidation has been 
suggested in several studies.  One study examining the simultaneous photochemical 
reduction of Ag
+
 onto Degussa P25 TiO2 and degradation of sucrose and salicylic acid  
found that 2 atomic % of Ag was the optimum silver loading after testing a range of 0.5-
20 atomic % Ag [73]. Two other studies that synthesized both TiO2 and nAg/TiO2 via the 
sol-gel route found that 5 atomic % of Ag was the optimum silver loading after testing a 
range of 0-10 atomic % Ag for Rhodamine B dye degradation [108] and 0-5 atomic % Ag 
for Rhodamine 6G dye degradation [107].   
Multiple explanations have been given for an optimum silver content on TiO2 
[73].  High silver contents can decrease the amount of light reaching the TiO2 surface and 
reducing the generation of excited electrons and holes [118]. When applied above the 
optimum loading mass, the deposited silver can also act as recombination centers by 
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capturing holes [112].  Smaller silver particles also may capture holes more readily than 
larger deposits, making them unavailable for oxidizing other solution components [112]. 
Modification with silica 
Like silver, silica can also be used to enhance TiO2 for photocatalytic oxidation, 
however the improvement mechanisms are different.  Silica is typically used in TiO2 
photocatalytic oxidation either as a physical support structure or as a chemical dopant 
dispersed within the TiO2 lattice and thus affecting the fundamental properties of the 
material.  In the reports available on the topic, silica is incorporated into the TiO2 lattice 
during its synthesis according to varying formulations of the sol-gel technique.  Several 
studies are available where silica addition improved the photocatalytic activity of TiO2 
[93, 119-121].  Improvements in photocatalytic activity in these studies are attributed to 
bandgap changes, the generation of acid sites, and increased adsorption.   
Bandgap changes (widening) are a result of the quantum size effect and interface 
interactions [93].  The presence of silicon during TiO2 synthesis inhibits crystallite size 
[93], and smaller TiO2 nanoparticles are known to have wider bandgaps which result in 
reduced electron-hole recombination [122].  The incorporation of silica into the TiO2 
lattice also results in the formation of surface acid sites that increase the binding of HO
-
 
and subsequent production of HO•.  Other studies attribute enhanced substrate adsorption 
to SiO2 as increasing the photoreaction [119, 120].  
2.6.1.8.   Effectiveness of TiO2 against pathogenic viruses 
To determine the suitability of photocatalytic oxidation as a treatment option for 
personal or municipal use, its efficacy needs to be shown against a wide variety of 
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viruses, including actual pathogenic viruses.  There are a few reports detailing the 
inactivation of some pathogenic viruses in water that suggest photocatalytic oxidation 
may be an effective treatment option, but no one has reported using adenovirus, a 
pathogen of particular concern.  The viruses used in these studies, poliovirus and murine 
norovirus, are highly susceptible to UV254 disinfection, requiring only 21.7 and 26.9 
mJ/cm
2
 for 4 log inactivation, respectively [8, 9].  These viruses are also very similar to 
bacteriophage MS2, a commonly studied surrogate of relatively simple structure.  The 
question of how highly UV254 resistant viruses that are significantly different in structure 
than MS2 (e.g. adenoviruses) behave during photocatalysis is a critical question that must 
be answered before photocatalytic oxidation can be relied on to provide adequate 
disinfection.   
Watts et al. (1995) demonstrated poliovirus inactivation in water by anatase TiO2 
[9]. In this study 3 log inactivation of poliovirus was demonstrated using 250 mg/L 
suspended anatase TiO2 irradiated with UV-A lights for 1 hr.  In a study of inactivation of 
murine norovirus, 10 mg/L suspended P25 TiO2 (in PBS) did not enhance the inactivation 
by 25 mJ/cm
2
 UV254 irradiation (3.6 vs. 3.3 log reduction) [8].  However, high phosphate 
concentrations are known to inhibit TiO2, making PBS a poor choice for the reaction 
medium in this study.  Also, for viruses highly susceptible to UV254 disinfection, the 
addition of a photocatalyst may not provide any benefit, or may even slow the 
inactivation due to shielding [123].  Since adenovirus is the “limiting factor” in setting 
UV254 fluence requirements [2], and protein oxidation may be key to adenovirus 
inactivation (section 2.5), the addition of a photocatalyst is expected to reduce the 
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required treatment times in UV disinfection.  Shielding may also be avoided by applying 
a photocatalyst as a thin film coating the reactor surface or another substrate.   
The inactivation of a more complex virus, avian influenza, has been studied in air 
in a preliminary investigation [124].  This study achieved 2-3 log10 inactivation of the 
virus in a photocatalytic air purification device.  While the results from studies in air and 
water are not directly comparable, the demonstrated inactivation of influenza reveals that 
photocatalysis is effective against more complex viruses.  These studies provide more 
evidence that photocatalytic oxidation may be a viable option for inactivating pathogenic 
viruses in drinking water, however much more information is needed regarding the 
susceptibility of different virus strains, especially adenovirus. 
2.6.1.9. Pilot studies of TiO2 based virus disinfection systems 
After demonstrating its efficacy against pathogenic viruses, photocatalytic 
oxidation must eventually be shown to be viable at the pilot scale prior to full scale 
implementation.  One pilot scale study exists by Gerrity et al. 2008, which demonstrates 
that photocatalytic oxidation may be a viable option for inactivating viruses in drinking 
water [123], however the kinetics need to be improved  to make this option attractive.  In 
this study the different bacteriophages tested (MS2, PRD1, phi-X174, and fr) showed 
different inactivation behaviors, which brings to light the lack of knowledge of how virus 
structure leads to differences in photocatalytic inactivation kinetics.   Selected properties 
of the viruses (and adenoviruses for comparison) are shown in Table 2-2. 
The pilot scale study by Gerrity et al. (2008), conducted using a commercial 
Photo-Cat Lab treatment system (Purifics), revealed that UV-C induced DNA damage 
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was responsible for viral inactivation at low TiO2 concentrations, but that photocatalytic 
oxidation was responsible at high (400 mg/L) concentrations [123].  At 400 mg/L TiO2 
and a UV dosage (34 mJ/cm
2
), PRD1 was inactivated the most (2.6 log) and MS2 the 
least (1.8 log). 
Table 2-2 - Properties of various bacteriophages and human adenoviruses 
Virus 
Size 
(nm) 
Isoelectric 
Point 
Genetic 
Structure 
Genome Length 
(nt) 
MS2 24 - 27 3.5 - 3.9 ssRNA 3,569 
PRD-1 62 3.0 - 4.2 dsDNA 14,927 
phi-X174 23 6.6 ssDNA 5,386 
fr 23 8.9 - 9.0 ssRNA 3,575 
Adenoviruses 70 - 100 undetermined dsDNA 30,000 - 40,000 
 
The inactivation of PRD1 by photocatalytic oxidation was comparable to the 
inactivation by UV-C alone, while MS2 was inactivated to a lesser degree than by UV-C 
alone.  The differences in inactivation were hypothesized to be a result of differences in 
capsid surface densities of alanine, proline, and glycine residues, which were cited to be 
preferential targets for HO• attack [78, 79] (section 2.6.1.3).  PRD1 has the highest 
surface density of these residues and MS2 the lowest [123].  However, these studies on 
HO• cleavage specificity do not rule out protein changes due to minor oxidations (i.e. no 
cleavage), which may also lead to virus inactivation [71].  More information is needed on 
how virus structure leads to different inactivation behavior during photocatalytic 
oxidation. 
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2.6.2. Fullerene Based Photocatalytic Oxidation 
Since fullerene has been discovered, it has received considerable attention for its 
unique properties.  One disadvantage of using C60 as a photocatalyst  is its potential to 
degrade over time, whereas TiO2 is highly stable.  Exposure of C60 to UV irradiation 
causes oxidation and the introduction of surface oxygen groups to the particle surface 
[125].  While research on this material has shown its activity is not reduced after 5 
irradiation cycles (total 10 minutes) [126], further research is needed using more relevant 
timescales (i.e. days) and disinfection cycles to determine a realistic lifetime expectancy 
of this material.  
2.6.2.1. C60 mechanism of action 
The photactivity in water of C60 is dependent on the effective dispersion of the 
particles.  When C60 forms aggregates, singlet oxygen (
1
O2) and superoxide anion (O2
•-
) 
are undetectable due to self-quenching and triplet-triplet annihilation [127].  The pathway 
of ROS production by irradiated C60 is shown in Figure 2-4.  When irradiated in water in 
the presence of oxygen, C60 forms singlet oxygen with a quantum efficiency of 0.76 
[128].  When a suitable electron donor is present, C60
•-
 is formed which transfers an 
electron to O2, forming  O2
•-
 which can further react to form HO•.  The adsorption spectra 
of C60 extends to 620 nm, which allows for excitation using visible light [128].  This is 
highly desirable for water treatment applications, as solar irradiance can be used to drive 
the treatment process resulting in limited energy usage and decreased infrastructure costs. 
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Figure 2-4 – ROS generation by irradiated C60.  Adapted from [128, 129]. 
2.6.2.2. Modified C60 catalysts for enhanced activity 
The hydrophobic nature of pristine C60 causes severe aggregation in aqueous 
media, which effectively eliminates ROS production by the material [130].  Several 
surface modifications have been developed to prevent aggregation and maintain 
photoactivity.  Examples of such modifications include the attachment of terminal 
carboxyl, quaternary amine, and hydroxyl groups [131].  Characterization of these 
materials show that aggregation is not eliminated, but 
1
O2 is still efficiently produced, 
possibly due to the functionalities separating C60 enough to prevent triplet-triplet 
quenching [131]. Hexakis amino-C60 performed the best of all materials developed by 
Lee et al (2009) [131]. 
One problematic issue in using nanomaterials for water treatment is preventing 
the nanomaterials from entering the finished water supply and becoming a contaminant 
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themselves.  Lee et al. (2010) developed a method of attaching C60 amino-fullerenes to 
relatively large silica beads, which may easily be retained in water treatment systems 
[126].  Immobilization of the catalyst particles improved their reactivity, which was 
likely due to further decreased aggregation [126]. 
2.6.2.3. ROS responsible for virus inactivation by C60 
As shown in Figure 2-4, several ROS can be formed from irradiated C60, 
including 
1
O2, O2
•-
, and HO•.  Lee et al. (2009) applied their modified C60 catalysts 
(section 2.6.2.2) for MS2 inactivation in the presence of various ROS scavengers [131].  
1
O2 was found to be the primary ROS responsible for inactivation of MS2, as scavengers 
for O2
•-
 and HO• had no effect on the inactivation rate.  When a scavenger for 1O2 was 
used, the inactivation profile was unchanged as compared to inactivation that occurred in 
the dark (due to interaction with quaternary amines).  
2.6.2.4. Viral protein damage caused by irradiated C60 
In general viruses may be inactivated through damage to their proteins and/or 
genomes.  For adenoviruses, protein damage may be the pathway leading to the most 
rapid inactivation (section 2.5.3).  In a study of MS2 inactivation by hexakis amino-
fullerene, Cho et al. (2010) found the quantity of oxidized capsid proteins increased with 
the irradiation time [69].  This protein oxidation is the likely mechanism of inactivation 
for MS2.  This result suggests C60 based photocatalytic oxidation may be highly effective 
for inactivation of adenoviruses.    
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2.7. Evaluation of reactive oxygen species production by 
photocatalysts 
Protein (capsid) and nucleic acid damage are known to occur during TiO2 
photocatalytic oxidation as a result of oxidation (section 2.6.1.3).  However, the degree of 
damage required to completely inactivate any virus by photocatalytic oxidation is 
unknown.  It is possible that slight damage to the capsid alters its shape enough to 
prevent infection for some viruses, or significant cleavage of capsid proteins and internal 
enzymes / genetic material may be necessary to inactivate others.  For example, HO• is 
capable of cleaving proteins [78, 79] while singlet oxygen can inactivate MS2 with minor 
oxidation of specific amino acid residues [71]. Different viruses may also behave 
differently based on their structure. 
2.7.1. Methods for detecting reactive oxygen species production 
ROS and HO• in particular are generally believed to be responsible for virus 
inactivation by TiO2 [70, 74].  Measuring the ROS production of different catalysts helps 
identify their suitability for virus inactivation.  ROS may be detected directly using 
electron paramagnetic resonance (EPR) spectroscopy or by chemical methods using 
reagents that react to individual ROS with high specificity.  Several reagents are available 
for measuring HO•.  Terephthalate has been used for decades in studies of radical 
formation in radio- and sono- chemical systems [132, 133].  The detection principle is 
based on the formation of stable fluorescent 2-hydroxyterephthalic acid from the reaction 
of terephthalic acid with HO•, as shown in Reaction 12.  
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Utilizing chemical methods for measurement of ROS requires careful 
consideration of the specificity and yield of a particular reagent.  While terephthalate has 
high specificity for HO•, the yield of 2-hydroxyterephthalate is only 35% of the HO• 
yield [132, 133].  Two possibilities exist to explain the reduced yield [132].  First, HO• 
may add to the iso position of the carboxylate groups, forming a non-fluorescent product.  
Secondly, when HO• has added to the ortho position, oxygen may cause further oxidation 
yielding a non-fluorescent phenol.  Despite this, the terephthalate method is a useful tool 
to compare HO• production by different catalyst. 
Ishibashi et al. (2000) first demonstrated the application of terephthalate for 
measuring HO• by TiO2 and revealed several conditions that must be met to perform a 
successful analysis [134].  It is possible that electron holes may directly oxidize 
terephthalate producing the fluorescent product.  This can be avoided by keeping the 
substrate concentration low (10
-3
-10
-4
 M).  However, too low a concentration will result 
in a reduction of sensitivity as the HO• decays before it can react.  In balancing the above 
concerns, Ishibashi et al. (2000) found 4 x 10
-4
 M terephthalate was optimum for testing 
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TiO2 films [134].  The measured fluorescent intensity of their reaction solution revealed 
zero order kinetics, which can be interpreted to be the HO•˙ production rate.   
After the study by Ishibashi et al. (2000), several other authors have reported 
using this method [135-137].  While they all use low concentrations of terephthalate in 
alkaline solution, the concentrations of suspended TiO2 used vary from 25 – 3,333 mg/L.  
Eremia et al. (2008) investigated several parameters on the reaction, including catalyst 
concentration, and determined that 25 mg/L was optimum in terms of measuring HO• 
production (for P25 TiO2) [135].  Another interesting observation was made by Kohtani 
et al. (2008) [136].  After observing the generation of 2-hydroxyterephthalate following 
zero order kinetics, the concentration increase eventually ceased and began to decrease 
substantially, indicating that the product was further degraded to non-fluorescent 
compounds.  When using this method, samples must be taken at appropriate times to 
avoid the loss of fluorescent product.   
Along with terephthalate, other reagents are available for measuring HO•.  For 
example, para-chlorobenzoic acid is often used as a probe in studies of HO• production 
by ozone [138, 139].  However, there are no reports available detailing its use as a probe 
in photocatalytic reactions.  This makes it inconvenient to use at this point for screening 
catalysts.  Alternate detection methods, such spin trapping (e.g. with 5,5-dimethyl-
pyrroline N-oxide, DMPO) and electron paramagnetic resonance (EPR) spectroscopy 
measurements are useful for detecting the types of radicals generated by a catalyst, but 
provide less quantitative results than other methods. 
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2.8. Surrogate pathogens in disinfection studies 
The result from Gerrity et al. (2008) that bacteriophage PRD1 (dsDNA) is most 
susceptible to photocatalytic oxidation gives further hope for the application of this 
technology for adenovirus removal [123].  PRD1 closely resembles adenovirus in 
structure and even function, which is remarkable considering they have such different 
hosts.  The major capsid protein of PRD1 (P3) is nearly identical to the major capsid 
protein of adenovirus (HEX) in both individual and lattice structure, and a pentameric 
protein with a protruding infective spike is present at the lattice vertices, as in 
adenoviruses [140].  It is possible that adenovirus is also highly susceptible to 
photocatalytic oxidation based on these results.  However, as reviewed above in section 
2.6, most photocatalytic oxidation studies report using MS2 as a surrogate pathogen. 
Bacteriophage MS2 (ATCC 15597-B1) is commonly used as a surrogate pathogen 
due to its similarity to many waterborne pathogenic viruses [24-26, 81] and the simplicity 
of its propagation and enumeration. MS2 has been found to be comparable or more 
resistant to chlorine and chloramines than Hepatitis A virus [27] and Poliovirus [29], and 
more resistant to UV disinfection than other bacteriophages [28].  Gerrity et al. (2008) 
found MS2 the most resistant to inactivation by TiO2 as compared to three other 
bacteriophages (PRD1, phi-X174, and fr) [123].  Hence, using MS2 as a surrogate 
pathogen provides conservative assessment on treatment efficiency.   
MS2 is markedly different in structure and function than the actual target 
pathogen, adenovirus (section 2.4).  MS2 is a small (~25 nm) icosahedral ssRNA virus 
that contains only two protein types: coat (structural, 180 copies) and A (infective, single 
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copy).  In contrast, adenovirus is large (~90 nm) with dsDNA and 13 different protein 
types, including 12 copies of the infective protein.  While MS2 has proved to be a 
suitable indicator in studies of other disinfectants, it is not known if this simple virus is 
suitable for use a surrogate in photocatalytic disinfection studies. 
2.9. Conclusions of Literature Review 
The information currently available indicates a need for improved virus 
inactivation technology in drinking and waste water treatment systems.  Adenoviruses are 
ubiquitous in the environment, are resistant to many disinfection techniques, and have 
emerged as a pathogen of concern.  There is clearly room for improving the disinfection 
of adenovirus (and other viruses).  The disinfection methods displaying the highest 
efficiency of adenovirus inactivation are highly oxidizing and have been demonstrated to 
or have the potential to damage viral proteins.  Photocatalytic oxidation using a high 
efficiency photocatalyst is an alternative disinfection technology that holds promise for 
virus inactivation.  Photocatalysts produce highly oxidizing ROS which are capable of 
damaging proteins.  However, there are no published reports on the susceptibility of 
adenovirus to this disinfection method.  Also, the required treatment time for adequate 
virus inactivation by photocatalytic oxidation must be decreased for this technology to be 
fully viable.  This may be accomplished by modifying catalysts to increase ROS 
production, increase substrate adsorption, and improve catalyst solubility / dispersion 
stability.  Understanding the mechanism of virus inactivation by photocatalytic oxidation 
may also be useful for designing treatment systems with improved efficiency. 
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Chapter 3 
Virus inactivation by silver doped 
titanium dioxide nanoparticles for 
drinking water treatment1 
1 
Published manuscript:  Liga, M. V., E. L. Bryant, V. L. Colvin, and Q. Li 
(2011).  Virus inactivation by silver doped titanium dioxide nanoparticles for drinking 
water treatment.  Water Research (45): p. 535-544. 
 
Reproduced by permission of Water Research.  Copyright 2011 Elsevier.   
 
Keywords:  Drinking Water, Nanotechnology, Photocatalysis, Silver, Titanium Dioxide, 
Virus  
3.1. Introduction 
The removal of viruses and other pathogens from drinking water (and the 
environment in general) is important for the maintenance of the health and well-being of 
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society.  Pathogenic viruses such as adenovirus, norovirus, rotavirus, and hepatitis A 
commonly occur in both surface and ground water sources [16, 19, 141] and must be 
effectively inactivated to provide safe water.  In the United States just between 2003 and 
2005 there were four reported waterborne disease outbreaks attributed to viruses in 
drinking water affecting 282 people [21, 22].  The USEPA requires treatment systems 
capable of providing 4 log (99.99%) removal of viruses for all surface water sources and 
groundwater sources with a history of contamination or other deficiencies [2, 23]. 
Traditional chlorine disinfection, while highly effective for viral inactivation, 
produces harmful disinfection byproducts (DBPs) when organic compounds are present 
in the water. This has prompted stricter regulations concerning the acceptable levels of 
these compounds [3].  Although UV disinfection has not been found to form DBPs [6], 
some viruses such as adenoviruses are highly resistant to UV disinfection [5].  As a 
result, the USEPA has increased the UV fluence requirements for 4 log removal of 
viruses from 40 mJ/cm
2
 to 186 mJ/cm
2
 [2]. The new high fluence requirement 
significantly increases the energy demand, which translates into a higher treatment cost.   
The employment of a highly efficient photocatalyst for advanced oxidation could 
potentially enable effective virus inactivation in drinking water as chlorine can while 
limiting the formation of DBPs [6, 7, 142]. It would also require less energy than UV 
disinfection. Therefore, photocatalytic oxidation is being actively researched as an 
alternative water disinfection method [143, 144].  A highly efficient photocatalyst could 
also be utilized for air treatment or as an antimicrobial coating. 
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3.1.1. Titanium dioxide photocatalysis 
Titanium dioxide is an attractive photocatalyst for water treatment as it is resistant 
to corrosion and non-toxic when ingested [68].  The basic mechanism of TiO2 
photoactivation and reactive oxygen species (ROS) generation is well known [72].  
There are currently a few commercial treatment systems that utilize TiO2 
photocatalysis (e.g. Wallenius AOT®, Purifics®). However their usage is not wide 
spread.  One major reason for the limited application is the slow reaction kinetics as a 
consequence of charge recombination, which consumes the activated electrons and holes.     
The antibacterial properties of TiO2 have been well documented [9, 74, 105, 145-
147] and are attributed to the generation of ROS, especially hydroxyl free radicals (HO•) 
and hydrogen peroxide (H2O2) [146].  While fewer studies have investigated the antiviral 
properties of TiO2, its potential for inactivating viruses has been demonstrated [9, 25, 74, 
81, 148].  However, the inactivation rates obtained in most of these studies were 
extremely low.  For example, Cho, et al. (2005) demonstrated only ~1 log removal of 
MS2 after 2 hours of irradiation using P25 TiO2 suspended at 1 g/L [74].  The 
inactivation kinetics needs to be greatly improved in order to provide efficient drinking 
water disinfection.  
Metal doping has been used to enhance TiO2 photocatalysis by trapping excited 
electrons to prevent charge recombination [97-100].  Electron trapping can occur if the 
dopant has a lower Fermi level than the excited electron. Several metals including Fe, 
Mo, Ru, Os, Re, V, Rh, Au, Pt, and Ag have been shown to enhance TiO2 performance. 
Silver in particular has been shown to enhance the photocatalytic efficiency of TiO2 for 
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both organic contaminant degradation and bacterial inactivation [73, 92, 105, 107, 108, 
110]. Tran et al. (2006) showed selective enhancement by silver, which increased 
degradation rates for short chain carboxylic acids but not for alcohols or aromatics [149].  
Silver coatings above the optimum amount can also decrease the photocatalytic activity 
[112, 113].  However, there is limited information on its impact on the antiviral 
capabilities of TiO2 [111].  In addition to facilitating charge separation, silver is thought 
to enhance TiO2 photocatalysis by directly interacting with microorganisms and 
providing more surface area for adsorption [113, 150], although Vamathevan et al. (2002) 
found no increase in BET surface area after silver doping [73]. Silver ions and 
nanoparticles have been shown to have antimicrobial properties themselves through a 
variety of mechanisms [115-117], which could also aid in bacterial or viral inactivation.   
Utilizing silver in conjunction with TiO2 photocatalysis could potentially allow 
several different inactivation mechanisms to work in concert.  Therefore, it is possible 
that a synergism occurs between silver and TiO2 when silver doped titanium dioxide is 
used for inactivating microorganisms under UV radiation.  The study reported here 
demonstrated that silver doping TiO2 greatly enhanced the photocatalytic inactivation of 
viruses primarily by increasing HO• production in addition to slightly increasing virus 
adsorption. 
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3.2. Materials and methods 
3.2.1. Synthesis and characterization of nano-silver doped TiO2  (nAg/TiO2) 
nAg/TiO2 was prepared by depositing nano-sized silver islands via photochemical 
reduction of silver nitrate (Alfa Aesar) onto two commercially available TiO2: Aeroxide 
TiO2 P 25 (denoted hereafter P25 TiO2, Degussa) and Anatase TiO2 (denoted hereafter 
AATiO2, Alfa Aesar; CAS: 1317-70-0).  A solution containing oxalic acid (Sigma-
Aldrich, anhydrous 99%) as a sacrificial electron donor, TiO2, and silver nitrate (Sigma-
Aldrich, 99.9999%) was stirred for two hours at pH 1 under ambient light at room 
temperature while purged with nitrogen gas.  The solution was then irradiated with a 
germicidal UV lamp for one day and the product purified by washing with excessive 
water four times [99].  The concentration of silver nitrate used in the reaction solution 
was varied to achieve 4, 8, and 10 wt %; oxalic acid was added at a 25:1 acid to silver 
molar ratio.  The AATiO2 was doped using 10% AgNO3 in solution.  The doped particles 
were then dried and stored under vacuum in dark.   
Samples were prepared for TEM and XPS analysis by applying a drop of a 
nAgTiO2 suspension to a Silicon Monoxide/Formvar grid (Ted Pella; 01829) or a silicon 
wafer coated with gold (~ 68 nm).  The grid was then used to analyze the sample in a 
JEOL 2100 field emission gun transmission electron microscope (JEM 2100F TEM) at 
200KV.  The silicon wafer was used for x-ray photoelectron spectroscope (PHI Quantera 
XPS).  
The actual silver content of the nAg/TiO2 nanoparticles was determined by acid 
digestion and subsequent analysis of silver concentration using inductively coupled 
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plasma-optical emission spectroscopy (ICP-OES, PerkinElmer Optima 4300 DV). 
Aliquots of 0.01 g nAg/TiO2 nanoparticles were mixed with 5 mL of 50% HNO3, briefly 
bath sonicated, refluxed for 4 hours and diluted to 50 mL with ultrapure water.  The 
resulting suspensions were centrifuged and the supernatants filtered through a 0.22 m-
pore-size syringe filter.  The filtrates were then analyzed by ICP-OES to determine the 
silver concentration.   
3.2.2. Model virus 
Bacteriophage MS2 (ATCC 15597-B1) was used as a model virus in this study 
due to its similarity to many water borne pathogenic viruses [24-26] and the simplicity of 
its propagation and enumeration.  MS2 has been found to be comparable or more 
resistant to chlorine and chloramines than Hepatitis A virus and Poliovirus, and more 
resistant to UV disinfection than other bacteriophages [27-29]. Hence, using MS2 as a 
virus surrogate provides conservative assessment on treatment efficiency.  
The virus stock solution used in the disinfection procedures was obtained by 
infecting an incubation of the E. coli host (ATCC 15597) with a liquid MS2 suspension.  
The mixture was mixed with a molten LB-Lennox (Fisher) medium containing 0.7 % 
Bacto™ agar (Difco Laboratories) and poured over a Petri dish containing solid LB-
Lennox media.  After incubating overnight at 37°C, sterile 0.1 M bicarbonate (Fisher) 
buffer was added to the plate which was gently rocked for 3 hours.  The solution was 
withdrawn from the plate, centrifuged, and the supernatant filtered through a 0.22 M-
pore-size PES syringe filter.  The virus suspension contained ~7x10
9 
plaque forming units 
per milliliter (PFU/mL) and was stored at 4 °C before use.  
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MS2 samples were enumerated according to the double agar layer method [151]. 
Samples were analyzed either immediately or stored at 4 °C in dark and analyzed within 
24 hr. No change in viral titers was found within 24 hr. of storage in the presence or 
absence of the nanomaterials. To determine if the presence of nanoparticles interfered 
with virus enumeration, parallel samples containing nanoparticles were enumerated 
directly or after centrifugation at 10,900 G for 15 minutes to remove the nanoparticles. 
No significant difference was found between the two methods. Therefore, all data 
reported hereafter were obtained from direct enumeration of the samples without 
removing the nanoparticles. Control tests consisted of enumerating buffer solution to 
ensure that viral contamination was not present in any of the reagents. 
3.2.3.  Virus inactivation experiments 
All materials that came in contact with the virus solutions, media, and reagents 
were sterilized by autoclaving, filtering, or purchased sterile.  Nanoparticle suspensions 
were freshly prepared in ultrapure water and were bath sonicated for 30-45 minutes to 
ensure good dispersion before each experiment. Particle size and zeta potential of each 
suspension was analyzed by dynamic light scattering (DLS) using a Zen 3600 Zetasizer 
(Malvern Instruments, Worcestershire, UK) to determine if differences in particle size 
and thus surface area were responsible for any observed differences in viral inactivation. 
3.2.3.1. Dark inactivation of viruses 
Dark inactivation of viruses was assessed using undoped P25 TiO2 and nAg/TiO2 
synthesized with P25 and 10 wt. % AgNO3.  A suspension of ~7x10
7
 PFU/mL MS2 was 
made in ultrapure water to which sonicated nAg/TiO2 or P25 TiO2 nanoparticles were 
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added. The suspension was then stirred for up to 10 minutes in the dark, and sampled at 
different times for virus enumeration. The virus/nanoparticle mixtures were subsequently 
kept in dark at 4 °C for 24 hours before enumerated again.  The effect of leached silver 
was investigated by removing the catalyst particles from suspension after sonication by 
centrifugation and filtration.  The resulting solution was added to an MS2 suspension, 
which was sampled periodically for the active MS2 titer. 
3.2.3.2. Photocatalytic virus inactivation 
The photocatalytic viral inactivation experiments were carried out in a pre-
stabilized Luzchem LZC-4V photoreactor (Luzchem Research, Inc., Ottawa, ON Canada) 
fitted with four 8W UV-A (315-400 nm) lamps with peak emission at 350 nm (Hitachi).  
The total light intensity used in all experiments was 2.5 mW/cm
2
 as determined by a UV 
radiometer (Control Company, Friendswood, TX) with a NIST traceable 350 nm 
photosensor.     
Reactions were housed in sealed 25 mL Pyrex Erlenmeyer flasks.  Sterile 
ultrapure water was combined with the MS2 stock solution and catalyst suspensions or 
leached Ag
+
 solutions to achieve a final concentration of ~7x10
7
 PFU/mL MS2 and 100 
mg/L TiO2 or nAg/TiO2.  The volume of leached Ag
+
 solution added was the same as that 
used with particles in suspension.  The mixture was stirred for one minute in the dark, 
after which a sample was taken representing the initial virus concentration after 
adsorption.  The reaction flask was then placed in the reactor and 1 mL samples were 
taken at 30 second intervals.  All samples were immediately enumerated or covered and 
refrigerated at 4 °C to prevent further inactivation while waiting to be processed.  
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To investigate the role of HO• in MS2 inactivation, reactions were carried out in 
the presence of two HO• scavengers, methanol (99.9%, Fisher spectranalyzed) or tert-
butanol (Fisher, ACS Certified) at concentrations from 30 to 400 mM. Control 
experiments were performed by mixing MS2 in the corresponding alcohol solution for 10 
minutes to account for any inactivation due to the alcohol.  Samples were immediately 
diluted into 0.1 M bicarbonate buffer.  
3.3. Results and discussion 
3.3.1. nAg/TiO2 characterization   
The color of the dried nAg/TiO2 nanoparticles varied from light brown to reddish 
brown.  The degree of surface oxidation of the silver is likely responsible for the 
differences in color. 
3.3.2. Silver content 
The amount of silver captured by the TiO2 varied with both the AgNO3 
concentration and the base TiO2 material used. The P25 TiO2 based nAg/TiO2 made with 
10, 8, and 4 wt. % AgNO3 had final Ag contents of 5.95, 4.36, and 2.46 wt. %. The 
AATiO2 based nAg/TiO2 made with 10 wt. % AgNO3 had a final Ag content of 3.94 wt. 
%.  The nAg/TiO2 materials are hereafter designated by the final nAg content and base 
TiO2 material (e.g. 5.95%nAg/P25TiO2).  Silver deposition was more efficient at higher 
AgNO3 concentrations. Deposition onto P25 was notably greater than that on the 
AATiO2: 90% of the Ag added was coated onto P25 while only 59% onto the AATiO2 
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when 10% AgNO3 was applied. The lower doping efficiency of AATiO2 is attributed to 
its limited photoactivity. 
3.3.3. TEM and XPS analysis 
Figure 3-1 presents representative TEM images of the Ag doped and undoped P25 
samples. Silver islands of ~ 2-4 nm in diameter were found on the TiO2 nanoparticles (~ 
10-50 nm), although they were not apparent on all crystallites. No silver deposits were 
observed on any TiO2 particles not treated with silver. 
XPS analyses showed similar results for all samples. Figure 3-2 presents the XPS 
spectra for the 5.95%nAg/P25TiO2 as an example. O 1s spectra (e.g., Figure 3-2 a) of all 
samples showed a major peak with a broad shoulder in the area for metal oxides (528 – 
531 eV). The presence of the shoulder indicates the presence of multiple metal oxides, 
i.e., titanium dioxide and silver oxide. The Ag 3d spectra (e.g., Figure 3-2 b) confirm the 
presence of silver oxide (peak range 367.3-368.0).  This may be due to silver adsorbing 
on the TiO2 surface at oxygen sites or the oxidation of the surface of the deposited silver. 
3.3.4.   Dispersed particle size 
Mean hydrodynamic diameters of all photocatalyst suspensions in ultrapure water 
are presented in Figure 3-3.  The sizes of P25 TiO2, AA TiO2, and 3.94%nAg/AATiO2 
stayed constant for at least 25 min, suggesting that these suspensions were stable during 
the virus inactivation experiments (~ 5 minutes).  All the P25 based nAg/TiO2 materials, 
however, formed large aggregates and settled out gradually.  The aggregation of the 
silver doped samples was consistent with the measured changes in zeta potential: -9.1 to -
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9.3 mV versus -38.7 mV for P25.  The sizes presented in Figure 3-3 for these materials 
are the average of data obtained in the first 5 minutes concurrent with the inactivation 
procedure. 
 
Figure 3-1 - TEM images of nAg/P25TiO2 with silver particles (~ 2-4 nm dia.) 
indicated by arrows.  Silver particles are visible on all doped samples, although they 
are not apparent on all TiO2 crystallites (10-50 nm dia.).  Top left undoped P25 (50 
nm scale), top right 5.95% Ag (10 nm scale), bottom left 4.36% Ag (20 nm scale), 
bottom right 2.46% Ag (20 nm scale).    
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Figure 3-2 - Typical X-ray photoelectron spectra of (a) O 1s, which reveals the 
presence of multiple metal oxides through the observed peak shoulder and (b) Ag 
3d, with peak between 367.3 and 368 eV which corresponds to silver oxide.  Spectra 
shown for 5.95%nAg/P25TiO2. 
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Figure 3-3 - Dispersed particle diameters of nanoparticles used for virus 
inactivation as measured by DLS.  Silver doping P25 TiO2 was found to decrease the 
stability of the suspended particles, resulting in the observed aggregation. 
3.3.5. MS2 dark inactivation 
Inactivation and removal of MS2 by the photocatalysts in dark (referred to as dark 
inactivation hereafter) is attributed to adsorption to the photocatalyst particles and 
inactivation by Ag
+
 released from nAg/TiO2.  Figure 3-4 shows the total dark removal 
after 10 minutes of exposure to P25 and 5.95%nAg/P25TiO2.  Leached Ag
+
 was 
responsible for 37% (0.2 log) MS2 inactivation, with most inactivation occurring during 
the first 1 minute of exposure.   When enumerated with catalyst particles in suspension, a 
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total of 75% (0.6 log) removal was observed with 5.95%nAg/P25TiO2.  After accounting 
for the effect of leached Ag
+
 (37% removal), the 5.95%nAg/TiO2 removed 38% (0.2 log) 
of the MS2 by adsorption, 12% more than that adsorbed by undoped P25, which 
inactivated 26% (0.13 log) of the MS2.  The majority of dark inactivation occurred 
during the first minute of exposure. Therefore, the MS2 concentration measured after 1 
min. of dark contact in each photocatalytic inactivation experiment was used as the initial 
concentration for analysis of the photocatalytic inactivation data.  
The increased adsorptive removal by nAg/TiO2 may be explained by interactions 
of viral surface amino acids with silver.  Silver has a high affinity for sulfur moieties, and 
there are 183 cysteine residues exposed on the MS2 capsid surface [152-154].  Carboxyl 
groups on the amino acids are also known to interact with silver [155].  The minimum 
difference between virus titers with nanoparticles in suspension and nanoparticle free 
centrifuge supernatant (Figure 3-4) suggests that adsorption of MS2 to the nAg/TiO2 or 
undoped TiO2 surface either inactivates these viruses or sterically inhibits access of the 
MS2 A protein to the E. coli pili, where infection occurs.  The limited additional removal 
observed after centrifugation of samples is attributed to the interception of MS2 by the 
catalyst particles during centrifugation. 
The mixtures of the MS2 and the P25 TiO2 or 5.95%nAg/P25TiO2 were further 
kept in dark at 4 °C for 24 hours and re-enumerated to assess the potential dark 
inactivation of stored samples. Negligible change in virus titer was observed during the 
24 hour period for either materials (data not shown), suggesting that further inactivation 
was absent in dark. 
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Figure 3-4 - Removal of MS2 by P25 TiO2, 5.95%nAg/P25TiO2, and leached Ag
+
 
from 5.95%nAg/P25TiO2 after 10 min of contact in dark.  TiO2 and nAg/TiO2 
samples were enumerated both with particles in suspension and after their removal 
by centrifugation (data marked “supernatant”) to determine if adsorbed viruses 
remained infective.  The limited difference in virus titers between solutions with 
particles suspended and removed suggests that MS2 is inactivated upon adsorption 
to the catalysts.  After accounting for the effect of leached Ag
+
, the 
5.95%nAg/P25TiO2 removed 38% (75-37%) MS2 by adsorption as compared to 
only 26% by P25 TiO2.  Na is the titer of viruses before particle addition.  N0 is the 
virus titer after dark stirring. 
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3.3.6. Photocatalytic MS2 inactivation 
 The inactivation of MS2 by the different nanomaterials and UV-A alone is shown 
in Figure 3-5. The plain P25 TiO2 achieved 1.6 log inactivation of MS2 in 2 min. while 
UV-A irradiation alone showed negligible MS2 removal within the same time period 
(Figure 3-5 a), showing that the inactivation in the presence of P25 TiO2 is attributed to 
photocatalytic oxidation. Silver doping significantly enhanced MS2 inactivation by P25 
TiO2 and the inactivation rate increased with silver content. The enhanced inactivation 
was also observed with the Ag doped AATiO2 (Figure 3-5 b), even though AATiO2 
showed minimum inactivation. 
 
Figure 3-5 - MS2 Inactivation by (a) UV-A alone and Ag
+
, P25 TiO2, 
2.46%nAg/P25TiO2, 4.36%nAg/P25TiO2, and 5.95%nAg/P25TiO2 under UV-A 
irradiation, and by (b) UV-A alone and, AATiO2, 3.94%nAg/AATiO2 under UV-A 
irradiation.  The inactivation rate was found to increase along with the silver 
content on P25 TiO2 up to the maximum amount tested (5.95%).  3.94% nAg on 
anatase TiO2 also dramatically increased the inactivation rate.  
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The photocatalytic inactivation kinetics data could be described by the Chick-
Watson model (Equation 3-1), where k’ is the rate constant (s-1) and N0 and N are the titer 
of active viruses at time zero and t (s).  Here, the virus titer after dark adsorption 
equilibrium was used as N0. 
Equation 3-1 
Log (N/N0) = -k’t  
  
The inactivation rate constants obtained from fitting the kinetics data with the 
Chick-Watson model are shown in Table 3-1. The silver doping increased the reaction 
rate constant by up to 584% as compared to the base TiO2.  The inactivation rate was 
found to increase with the silver content on P25 TiO2, with rate constants of 0.089, 0.035, 
0.017 and 0.013 s
-1
, for the materials with 5.95, 4.36, 2.46 and 0 % silver, respectively. 
The inactivation rate constant for 3.94%nAg/AATiO2 (0.024 s
-1
) showed a 5 fold increase 
from the plain AATiO2 (0.004 s
-1
); it also outperformed P25 TiO2 and 
2.46%nAg/P25TiO2, even though the P25 TiO2 inactivated MS2 ~3.2 times faster than 
the AATiO2.  While silver was found to be beneficial when doped onto P25 TiO2, the 
increased aggregate size may have offset some enhancement in photoactivity.  Also 
shown in Table 3-1 is the time required for each nanomaterial to achieve 4 log removal of 
MS2. With 5.95 wt. % nAg loading on P25, 4 log removal of MS2 could be obtained in 
45 seconds, making it feasible to achieve virus removal from drinking water using a 
small photoreactor or to improve removal of UV resistant viruses of existing UV reactors.  
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Table 3-1 - Actual silver contents on nAg/TiO2 particles and first order rate 
constants for MS2 inactivation 
Material 
Rate 
Constant (s
-1
) 
R
2
 
Time Required to Achieve 4 
Log Removal (min) 
a
 
P25 TiO2 0.013 0.91 5.1 
2.46%nAg/P25TiO2 0.017 0.99 3.9 
4.36%nAg/P25TiO2 0.035 0.97 1.9 
5.95%nAg/P25TiO2 0.089
b 
0.99 0.75 
AA TiO2 0.004 0.98 16.7 
3.94%nAg/AATiO2 0.024 0.99 2.8 
aTimes greater than 2 min obtained by projecting kinetic data 
bRate for first 60 seconds of inactivation 
 
Experiments using solutions containing leached Ag
+
 resulted in no notable 
photocatalytic inactivation.  These results suggest that the enhanced inactivation was due 
to the increase in the photocatalytic activity of TiO2 instead of the antimicrobial property 
of nAg. Two mechanisms may be responsible for such enhancement: increased MS2 
adsorption and greater ROS generation.  MS2 inactivation has been shown to be directly 
proportional to the amount adsorbed to the TiO2 surface [25, 81]. Increased adsorption as 
demonstrated in Figure 3-4 may enhance the inactivation rate by placing the virus in 
close proximity to newly generated HO• (both surface bound and bulk) and may increase 
direct hole oxidation. In addition, silver doping has been proposed to facilitate charge 
separation in TiO2 resulting in more efficient ROS generation and consequently greater 
MS2 inactivation.  
MS2 inactivation by 5.95%nAg/P25TiO2 shows a tailing effect after 60 seconds 
(5.4 log removal), when the inactivation rate constant decreased from 0.089 to 0.013 s
-1
.  
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This was not observed when MS2 was inactivated by the other materials.  This is likely 
due to the presence of the large number of inactivated viruses and their remnants, which 
compete with infective viruses for adsorption sites and ROS, since 99.9996% of the MS2 
had been inactivated after 60 seconds.  
3.3.6.1. Effects of HO• scavengers 
As discussed above, one potential mechanism for the enhanced virus inactivation 
of nAg/TiO2 is higher HO• production rate. To test this mechanism, methanol and tert-
butanol were employed to elucidate the role of Ag doping in HO• production and MS2 
inactivation.  Alcohols, especially methanol and t-butanol, are known HO• scavengers.  
Methanol was reported to scavenge both surface bound and bulk HO•, as well as holes 
[74].  While t-butanol has been shown to competitively adsorb to TiO2 [156], research 
has demonstrated that it does not scavenge all surface bound HO• [157]. Using methanol 
and t-butanol as HO• scavengers, Cho et al. (2005) showed that bulk HO• was 
responsible for the inactivation of MS2 by TiO2 [74].  Singlet oxygen and superoxide 
anion were also found to inactivate MS2 in a study using fullerol as the photocatalyst 
[158].   
Experiments were performed using P25 TiO2 (Figure 3-6 a, Figure 3-6 b) and 
5.95%nAg/P25TiO2 (Figure 3-6 c, Figure 3-6 d) at different methanol or t-butanol 
concentrations.  Both methanol and t-butanol completely stopped inactivation of MS2 by 
the plain P25 TiO2 at 400 mM and considerably slowed the reaction at 200 mM. P25 
TiO2 showed higher sensitivity to t-butanol, as 30 and 100 mM t-butanol both decreased 
the inactivation rate while the same concentrations of methanol had no effect.   
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Figure 3-6 - MS2 inactivation in the presence of HO• scavengers methanol and t-
butanol.  (a) P25 TiO2 with methanol;  (b) P25 TiO2 with t-butanol; (c) 
5.95%nAg/P25TiO2 with methanol; (d) 5.95%nAg/P25TiO2 with t-BuOH.  The 
inactivation rate was found to decrease in a concentration dependent manner when 
either alcohol was applied.  When present at 400 mM, both alcohols completely 
stopped MS2 inactivation by P25 TiO2 while inactivation still occurred by 
5.95%nAg/P25TiO2, but to a much lesser degree than the case when no HO• 
scavenger is applied.  Dark inactivation of MS2 by 5.95%nAg/P25TiO2 was 
enhanced when either alcohol was present at 400 mM, but the effect was reversed 
after 30 seconds of irradiation corresponding to the apparent initial rise in active 
virus titer. 
Control experiments using methanol or t-butanol in the absence of any 
photocatalyst did not show any decrease in virus titer for methanol or t-butanol 
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concentrations up to 400 mM. These results suggest that HO• is primarily responsible for 
MS2 inactivation by P25 TiO2. Although singlet oxygen and superoxide anions are also 
produced by TiO2 [72], they did not seem to cause notable MS2 inactivation in our study.  
Because there was no significant difference in reaction rates when either methanol or t-
butanol was used at 400 mM and the inactivation rate was more sensitive to low t-butanol 
concentrations, the data suggests that bulk HO• plays a more important role than surface 
bound HO· in MS2 inactivation. This observation agrees with the conclusion by Cho et 
al. (2005) [74]. 
Both alcohols also reduced the inactivation rate of MS2 by 5.95%nAg/P25TiO2, 
but to a much less extent.   With 400 mM methanol or t-butanol, 1.3 and 1.6 log of MS2 
inactivation was achieved, respectively, suggesting that silver doping increases HO• 
production and consequently MS2 inactivation. When nAg/TiO2 was used with 400 mM 
of either alcohol, the amount of viruses removed by dark stirring was greater than that 
observed without added alcohol (90-98%, data not shown).  The active virus titer 
increased after 30 seconds of irradiation compared to that before UV exposure.  Since the 
depression of initial virus concentration was not observed with undoped P25 TiO2, this 
effect is attributed to the interaction of the alcohol with the silver and the subsequent 
changes in viral adsorption capacity.  Any increased adsorption of alcohol to silver/silver 
oxide as compared to TiO2 could change the electrostatic and/or hydrophilic properties of 
the catalyst, resulting in changes to its adsorptive capacity.  From 30 seconds to 2 
minutes, the MS2 was slowly inactivated.  The inactivation rate by nAg/TiO2 was 
observed to be influenced by both alcohols in a concentration dependent manner, 
confirming the role of HO• in MS inactivation. 
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3.4. Conclusion 
This study demonstrated that silver doping TiO2 nanoparticles is an effective way 
to increase TiO2 photocatalytic activity for virus inactivation.  Silver doping enhances 
photocatalytic inactivation of viruses primarily by increasing HO• production, although 
increased virus adsorption to silver sites and leaching of antimicrobial Ag
+ 
also contribute 
to virus removal.  The fast virus inactivation kinetics of the nAg/TiO2 materials 
demonstrated in our study suggest that effective virus inactivation can be achieved using 
a small photoreactor and photocatalytic disinfection of drinking water at both point of use 
and municipality scales could be a potential application of the nAg/TiO2 materials. 
Further research is needed to address issues such as photocatalyst fouling, impact of 
water quality, loss of silver, and need for catalyst regeneration to ensure the sustainability 
of the technology. Very importantly, the retention of the nAg/TiO2 materials in the 
treatment system is critical. This can be achieved by using a hybrid 
photoreactor/membrane system, where the photocatalyst is retained by a membrane unit 
down-stream of the photoreactor and recirculated, or by applying the photocatalyst as a 
coating on surfaces inside a photoreactor. Because UVA is a significant component of the 
solar irradiation that reaches earth surface, coating transparent piping or shallow open 
channels with the photocatalyst at sunny locations could also be a low-cost solution to 
drinking water disinfection.  Ag/TiO2 may also be activated by visible light through the 
silver surface plasmon resonance, however it is not clear how the catalyst will behave 
under both UV and visible radiation [107, 113]. 
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4.1. Introduction 
 Much of the world lacks reliable access to safe drinking water, and even highly 
developed nations face serious challenges in ensuring safe water supply. A major 
challenge in drinking water disinfection is the presence of resistant microbial pathogens. 
Viruses commonly occur in drinking water sources, [16, 20], and certain types (e.g. 
adenoviruses, rotaviruses) are recalcitrant to several traditional and alternative 
disinfection techniques, such as monochloramination and UV254 irradiation [5, 58, 159].  
While free chlorine is generally highly effective for virus inactivation, its use is limited 
due to the potential to form toxic disinfection byproducts (DBPs).  Alternative 
disinfection methods that effectively inactivate viruses without significant DBP 
formation are greatly needed.   
Titanium dioxide (TiO2) based photocatalysis continues to gain attention as an 
alternative method for chemical contaminant degradation as well as for disinfection.  It 
has been shown to be competitive with other advanced oxidation processes (AOPs) and 
can be combined with them for improved performance (e.g. UV/TiO2/H2O2, 
UV/TiO2/O3) [160-162]. Several studies are available demonstrating the antimicrobial 
activity of TiO2.  The inactivation is usually attributed to oxidation by reactive oxygen 
species (ROS), with the best results obtained when the microorganisms are in direct 
contact with the catalyst [163].  However, slow reaction kinetics is a major factor limiting 
the application of this technology in water and wastewater disinfection.  Modifications to 
the catalyst, such as doping or depositing metals in or on TiO2, can improve the catalyst 
efficiency by increasing ROS production (Figure 3-6) or improving contaminant 
adsorption to the catalyst [99, 164].  For water treatment, it is important that the material 
 85 
conjugated with TiO2 also be stable and nontoxic.  Silica (SiO2) is one such material that 
we have identified for improving virus inactivation kinetics of TiO2 (Appendix A).   
Silica is typically used in TiO2 photocatalysis as either a physical support or as a 
dopant dispersed within the TiO2 lattice and thus affecting the fundamental properties of 
the material.  In previous studies on silica/silicon – titania composite catalysts, 
improvement to the catalyst efficiency is attributed to bandgap changes, the generation of 
surface acid sites, and increased adsorption [93, 119-121]. In these studies Si is 
incorporated into the TiO2 lattice during its synthesis using the sol-gel technique. In a 
previous study, we developed simple procedures to chemically (through surface doping 
that results in formation of Ti-O-Si bonds) and physically (through direct deposition of 
SiO2 nanoparticles) modify TiO2 nanoparticle surface. Such modifications greatly 
improved the photocatalytic inactivation kinetics of bacteriophage MS2, a commonly 
used surrogate for waterborne pathogenic viruses, by up to 300% (Appendix A).  Because 
these synthesis procedures produce only surface deposits of SiO2 on TiO2, the role of 
SiO2 in the photocatalytic activity of TiO2 is hypothesized to be different from those 
found in SiO2-TiO2 materials reported in previous studies.  Additionally, SiO2 present as 
a physical deposit improved MS2 inactivation, suggesting that the mere presence of SiO2 
on the TiO2 surface results in enhancement, and a chemical linkage is not required.    
However, it was not clear what role such surface deposits of silica played in enhancing 
virus inactivation kinetics.   
In this study we report the synthesis of composite SiO2-TiO2 nanomaterials using 
a simple, low-cost and green process, and their efficiency for inactivating MS2 
bacteriophage.  The effects of SiO2 modification on MS2 adsorption, dark inactivation, 
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and hydroxyl radical (HO•) production were investigated to elucidate the role of SiO2 in 
photocatalytic inactivation of MS2. 
4.2. Experimental methods 
4.2.1. Materials and equipment 
P25 Aeroxide® TiO2 (avg. size 25 nm, 70:30 anatase:rutile, BET 50 m
2
/g, 
referred to as P25 hereafter) obtained from Evonik Degussa Corporation (Parsippany, NJ) 
was used as the benchmark TiO2 photocatalyst.  Fumed silica (Aerosil®,) was obtained 
from Sigma-Aldrich (St. Louis, MO).  According to the vendor, the primary SiO2 
particles are 14 nm in diameter with 40-60% of particles fused in branched chains of 0.1 
– 0.2 μm long, and the BET surface area is 200 m2/g. Terephthalic acid (99% purity) was 
obtained from Acros Organics (Geel, Belgium).   Ultrapure water was generated by a 
Barnstead E-Pure® system (Thermo Scientific, Waltham, MA).  
Bacteriophage MS2 (ATCC 15597-B1) and E. coli (ATCC 15597) were obtained 
from the ATCC (Manassas, VA).  MS2 propagation and enumeration was carried out as 
described previously (Appendix A). The virus stock was purified in an ultrafiltration cell 
fitted with a regenerated cellulose membrane (Millipore, Billerica, MA) with a nominal 
molecular weight limit of 10 kDa until salt and dissolved organics were reduced by 
99.99%, and a final virus titer of 1.5 x 10
11
 PFU/mL was reached. The pH of the 
ultrapure water used for washing was adjusted to 7.0 with NaOH to ensure optimal 
survival of MS2 during storage at 4 °C [165].     
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4.2.2. SiO2-TiO2 synthesis and characterization 
SiO2-TiO2 nanocomposite materials were prepared using P25 and fumed silica.  
Three synthesis methods were evaluated. In the first two methods, SiO2 (2.5 – 20 wt %) 
was attached to TiO2 through a condensation reaction by refluxing the TiO2-SiO2 mixture 
in toluene and through physisorption by stirring the mixture in toluene.  Details of the 
synthesis procedures and characterization of materials prepared by these two methods can 
be found in Appendix A.  In the third method, 100 mg TiO2 and 2.5 - 10 mg fumed silica 
were stirred in 40 mL DI water at ambient conditions for 24 hours. The resulting 
materials were vacuum filtered using 0.2 μm PTFE membranes (Cole-Parmer, Vernon 
Hills, IL), dried in a vacuum desiccator for 24 hours and stored at room temperature in 
the dark.  Samples are named according to the SiO2 weight percentage used and the 
reaction conditions.  For example, 5%SiO2-TiO2-tr denotes a sample containing 5 wt% 
SiO2 made by toluene reflux (-tr), while ending in –ts or –w denotes samples made by 
stirring in toluene (ts) or water (w).   
XPS analyses were done using a PHI Quantera XPS instrument (Chanhassen, 
MN).  The particle size, morphology and electrophoretic mobility of the nanoparticles 
dispersed in water were characterized by dynamic light scattering (DLS), TEM, and 
phase analysis light scattering (PALS), respectively.  Suspensions of photocatalysts in 
ultrapure water (pH 5.5) were prepared immediately prior to testing using an ultrasonic 
processor fitted with a cup-horn operated at 100W for 15 minutes. The same protocol was 
followed for all experiments.  For TEM analysis, the suspension was drop cast onto 300 
mesh carbon coated, formvar removed copper TEM grids (Ted Pella, Redding, CA).  
Excess liquid was removed and the grids were allowed to dry in darkness for 3 hrs. TEM 
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imaging was performed on a Jeol 1230 high contrast TEM (Peabody, MA) at 120 kV and 
a Jeol 2100 FE-TEM at 200 kV. DLS and PALS analyses were performed using a Zen 
3600 Zetasizer (Malvern Instruments, Worcestershire, UK) at 25 °C; three measurements 
were made for each sample. 
4.2.3. Virus adsorption and dark inactivation assays 
Since contaminant adsorption to the catalyst is an important factor in the 
photocatalytic process, adsorption and subsequent dark inactivation of MS2 to the 
catalysts was measured over a wide range of applied MS2 (Na = 10
4
 – 1010 PFU/mL) and 
photocatalyst concentrations (1 – 102.6 mg/L).  The freshly prepared photocatalyst 
suspension was added to a virus suspension of known titer in unbuffered ultrapure water 
(pH 5.5) and stirred in the dark for 10 minutes to reach adsorption equilibrium.  Dark 
inactivation of MS2 was determined by directly enumerating active virus titers in the 
suspension samples, i.e., with catalyst particles present (N0).  N0 measures infective 
viruses in the aqueous phase as well as those adsorbed on the catalyst particles but still 
infective.  MS2 adsorption to the catalyst was determined by removing the photocatalyst 
from the suspension via centrifugation at 10,900 G for 10 min., and enumerating virus 
titers in the supernatant (Ns).  To determine whether the adsorbed viruses were 
inactivated, 3% Bacto™ beef extract (pH 9.5, Becton Dickenson and Company, Franklin 
Lakes, NJ) was used to release adsorbed MS2 from the photocatalyst surface [55], and 
the resulting suspension was analyzed for active MS2 titer  before and after 
centrifugation.  
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4.2.4. Photocatalytic virus inactivation 
Photocatalytic inactivation experiments were performed in a LZC-4V 
photoreactor (Luzchem Research Inc. Ottawa, Canada) equipped with varying numbers 
of UVA bulbs (8W, peak emission at 350 nm, Hitachi) to achieve desirable irradiation 
intensity (1.2 or 2.5 mW/cm
2
).  Light bulbs were placed only on the opposing sides of the 
reaction flask and pre-lit for stabilization before experiments. The total irradiation 
intensity was measured using a UV radiometer with a 350 nm NIST traceable sensor 
(Control Company, Friendswood, TX).  A built-in stirring plate at the center of the 
reactor provided mixing during the experiments and an exhaust fan circulated ambient air 
through the reactor to provide O2 and control the temperature (25 ± 1 °C). 
In each experiment, a newly prepared photocatalyst suspension was combined in a 
Pyrex Erlenmeyer flask with ultrapure water (pH 5.5) and an aliquot of virus stock. The 
resulting 20 mL suspension had a catalyst concentration of 97.5 mg/L as TiO2 for all 
experiments and a virus titer of 10
4
 - 10
10
 PFU/mL. The mixture was stirred for 10 min. 
in the dark and sampled directly to quantify dark inactivation and post-centrifugation to 
quantify adsorption. The flask was then placed in the photoreactor with preset irradiation 
intensity, and timed samples were taken for MS2 titer measurement.   
4.2.5. Reactive oxygen species (ROS) measurement 
As HO• is the primary ROS responsible for photocatalytic virus inactivation by 
TiO2, the effect of SiO2 modification on HO• production was investigated.  HO• was 
measured using terephthalic acid as the scavenger [134, 135].  The reaction mixture 
contained 0.1 mM terphthalic acid, 25 mg/L (as TiO2) photocatalyst and 1 mM NaOH.  
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The mixture was placed in the photoreactor with 2.5 mW/cm
2
 light intensity and timed 
samples were taken from the irradiated suspension. The samples were centrifuged at 
10,900 G for 15 minutes and the supernatants were filtered through a 0.45 μm PES 
syringe filters (Whatman, Maidstone, UK). The fluorescent intensity of the reaction 
product, 2-hydroxyterepthalic acid, was measured at 424 nm in a quartz cuvette using an 
f-2500 fluorescence spectrophotometer (Hitachi, Tokyo, Japan) with 315 nm excitation.       
4.3. Results and discussion 
4.3.1. Catalyst characterization 
XPS analysis was used to determine the elemental composition of the composite 
catalysts (Table 4-1). The Si2p spectrum clearly shows the presence of silica (SiO2). The 
percentages of Si determined from XPS analysis are higher than the weight percentages 
used in synthesizing the materials because the modification happens only on the TiO2 
surface. 
Table 4-1 - Elemental composition of catalyst materials based on XPS analyses. 
Material 
Atomic Percentages Mass Percentages 
Ti O Si Si SiO2 
P25 TiO2 32.1% 67.9% 0.0% 0.0% 0.0% 
2.5% SiO2-TiO2-ts 26.7% 69.0% 4.3% 4.8% 10.3% 
2.5% SiO2-TiO2-tr 26.0% 69.7% 4.3% 4.9% 10.4% 
2.5% SiO2-TiO2-w 25.4% 72.2% 2.5% 2.8% 6.0% 
5% SiO2-TiO2-w 23.8% 69.9% 6.4% 7.4% 15.8% 
7% SiO2-TiO2-w 23.6% 69.6% 7.0% 8.0% 17.1% 
10% SiO2-TiO2-w 24.2% 68.8% 7.1% 8.1% 17.3% 
Silica 0.0% 68.2% 31.9% 45.1% 96.4% 
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Figure 4-1 presents TEM images of the varoius composite materials synthesized 
in this study as well as the fume silica particles used (Figure 4-1 A).  High resolution 
(HR)-TEM analysis of the 2.5%SiO2-TiO2-tr material shows small SiO2 islands deposited 
on the surface of the P25 (Figure 4-1 B). This synthesis method forms Si-O-Ti bonds at 
the SiO2/TiO2 interface (Appendix A).  The HC-TEM images of SiO2-TiO2 prepared in 
water (Figure 4-1 C-D) reveal silica particles/clusters attached to TiO2.  This is in 
contrast with the –toluene samples, where no silica particles were apparent (Appendix A).   
Dispersion of catalyst particles in water is an important factor in photocatalytic 
processes for water treatment as it determines the surface area available for contaminant 
adsorption. Modification with SiO2 by mixing in water significantly reduced the 
dispersitivity of the catalyst particles in water. The number mean particle hydrodynamic 
diameter of materials increased from 117 nm to 177 - 913 nm depending on the 
percentage of SiO2 added (Figure 4-2 A).  This is attributed to the attachment of silica 
particles/aggregates as well as heteroaggregation induced by SiO2.  As shown in Figure 
4-2 B, SiO2 and TiO2 are oppositely charged at the pH tested; simultaneous hetero- 
(between TiO2 and SiO2) and homo- (TiO2-TiO2 and SiO2-SiO2) aggregation leads to 
complex behaviors in particles size and electrophoretic mobility of the SiO2-TiO2 
materials. 
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Figure 4-1 - (A) HC-TEM image of fumed silica particles.  (B)  HR-TEM image of 
2.5% SiO2-TiO2-tr shows small islands of SiO2 present on the particle surface.  (C-
D) HC-TEM images of SiO2-TiO2-w materials showing silica present as individual 
particles and aggregates attached to TiO2 particles. 
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Figure 4-2 - (A) Average particle diameters of nanomaterials and MS2 in ultrapure 
water at pH 5.5 and (B) electrophoretic mobilities of nanomaterials and MS2 in 1 
mM NaCl at pH 5.5. 
 
4.3.2. Photocatalytic inactivation of MS2 by SiO2-TiO2 materials prepared by 
different methods 
The dark and photocatalytic MS2 inactivation efficiencies of the SiO2-TiO2 
photocatalysts made by the three different methods were evaluated using non-purified 
MS2.  Dark inactivation by all three types of SiO2-TiO2 materials was improved to a 
similar degree compared to unmodified P25 (N0/Na = 0.31-0.57 vs. 0.88) (Figure 4-3). 
With UVA, all SiO2-TiO2 materials exhibited significantly enhanced photocatalytic MS2 
inactivation (Figure 4-4).  The optimum content of SiO2 used during the synthesis of 
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SiO2-TiO2-tr is 5% (Figure 4-5). Both the 2.5% and 5% SiO2-TiO2-w samples outperform 
those made using toluene. This may be partly due to better dispersion of TiO2 in water 
versus toluene, which results in more even distribution of SiO2 on TiO2 particles. The 
water synthesis procedure is attractive as it requires little energy input and neither uses 
nor produces hazardous compounds. 
 
 
Figure 4-3 - Inactivation of MS2 in the dark by nanomaterials.  Virus stock used is 
not purified of dissolved salts and organic compounds. 
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Figure 4-4 - Photocatalytic inactivation of unpurified MS2 . The applied MS2 
concentration (Na) was 3 x10
7
 PFU/mL; N0 is the active titer (PFU/mL) mesured 
with particles in suspension after dark stirring; UV-A irradiance was 2.5 mW/cm
2
. 
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It is noted that impurities in the virus suspension significantly reduce adsorption 
and slow the photocatalytic inactivation kinetics of MS2.  At an applied MS2 
concentration of 10
7
 PFU/mL, the pseudo first order rate constant k’ (Eq. 1) and 
adsorptive removal are an order of magnitude lower than the values obtained using 
purified viruses (Table 4-2). All data discussed hereafter were obtained using purified 
MS2. 
 
 
Figure 4-5 - Values of the pseudo first order rate constants produced by TiO2-SiO2-
tr materials synthesized using different amounts of SiO2.  5% SiO2 is the optimum 
content.  Data obtained using 2 x 10
7 
PFU/mL MS2 (unpurified) and 2.5 mW/cm
2
 
UVA irradiation. 
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Table 4-2 - Survival ratio of MS2 in the supernatant after dark stirring and the 
corresponding pseudo first order rate constant, k’, of the irradiated suspensions.  Ns 
is virus titer in solution supernatant.  Na is applied virus titer. 
 P25 TiO2 5%SiO2-TiO2-w 
Applied [MS2] PFU/mL 
Adsorption 
-Log (Ns/Na) 
k’ (sec-1) 
Adsorption 
-Log (Ns/Na) 
k’ (sec-1) 
(1.9 ± 0.9) x 10
4 
2.3 0.20 ± 0.01   
(1.4 ± 0.4) x 10
5 
2.3 0.17 ± 0.04   
(2.0 ± 1.0) x 10
6 
2.3 0.22 ± 0.05 6.5 0.92 
(2.8 ± 0.4) x 10
7 
1.7 ± 0.21 0.24 ± 0.01 7.4 0.69 ± 0.23 
(2.6 ± 0.7) x 10
8 
1.5 ± 017 0.14 ± 0.01 6.3 ± 2.3 0.39 ± 0.11 
(2.8 ± 1.4) x 10
9 
0.055 ± 0.037 0.022 ± 0.01 0.91 ± 0.34 0.062 ± 0.006 
(3.7 ± 0.7) x 10
7
 unpurified
* 
0.16 ± 0.14 0.015 ± 0.006 1.1 0.098 ± 0.011 
*
data obtained using unpurified MS2 stock and reactor irradiance of 2.5 mW/cm
2
.  All other data obtained 
using ultrafiltration purified MS2 stock and reactor irradiance of 1.2 mW/cm
2
.   
 
4.3.3. SiO2-TiO2-w catalysts show enhanced virus adsorption and dark and 
photocatalytic inactivation  
Figure 4-6 A compares the dark inactivation and adsorption of purified MS2 by 
P25 and the SiO2-TiO2-w catalysts with different SiO2 content. The SiO2-TiO2-w 
catalysts showed a large increase in adsorption and dark inactivation of MS2 compared to 
P25, by up to 623 and 745% for adsorption and dark inactivation, respectively.  A large 
fraction of MS2 adsorbed on the SiO2-TiO2-w catalysts was not inactivated.  The 
increased adsorption cannot be explained by changes in catalyst surface area or bulk 
electrostatic interaction as both SiO2 and MS2 are negatively charged at the pH tested.  
Although the silica nanoparticles have a greater specific surface area (200 ± 25 m
2
/g), its 
contribution to surface area increase (30% with 10% SiO2) cannot account for the large 
increase in adsorption. Moreover, all SiO2-TiO2-w catalysts have larger aggregate sizes 
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and hence less accessible surface area than P25 in the test solution (Figure 4-2 A). More 
discussion on adsorption is provided later. 
 
Figure 4-6 - Comparison of MS2 dark inactivation and adsorption (A) and 
photocatalytic inactivation (B) by P25 and SiO2-TiO2-w catalysts. Applied MS2 
concentration Na = 1-2 x 10
9
 PFU/mL. Catalyst dosage = 97.5 mg/L as TiO2, Light 
intensity = 1.2 mW/cm
2
.  
 
When added at 5-10%, SiO2 greatly improved the photocatalytic inactivation 
kinetics of MS2, (Figure 4-6 B).  It is noted that SiO2 alone did not inactivate MS2 either 
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in the presence or absence of UV light (data not shown).  Therefore, these results suggest 
that the presence of SiO2 improves the photocatalytic MS2 inactivation activity by TiO2. 
A lower SiO2 content of 2.5%, however, showed decreased MS2 inactivation kinetics 
compared to P25 under these conditions.  This is in contrast to the results obtained using 
unpurified viruses at an initial titer of 3 x 10
7
 PFU/mL, where 2.5% Si improved the 
kinetics, a discrepancy that may be due to differences in initial virus titer and hence the 
impact of adsorption.   
Photocatalytic inactivation kinetics of MS2 by both the P25 and the SiO2-TiO2-w 
materials can be well described by the Chick-Watson model (Equation 4-1): 
Equation 4-1 
   (   
⁄ )                
 
Here N0 is the active titer of viruses in solution (including those adsorbed) after 
dark stirring, N is the active titer at time t, and k’ is the pseudo first order rate constant (s-
1
). The rate constant for 7%SiO2-TiO2-w is 270% of that for P25 (0.062 vs. 0.022 s
-1
). 
This is comparable to the improvement achieved using SiO2-TiO2 catalysts prepared in 
toluene (Appendix A).   
Photocatalytic inactivation kinetics of microorganisms is largely determined by 
adsorption of the microorganisms on the photocatalyst surface and the rate of ROS 
production [163].  HO• is considered the main ROS responsible for inactivation of MS2 
by TiO2, as shown in Figure 3-6 and by [74]. Figure 4-7 compares HO• production by 
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P25 TiO2 and two SiO2-TiO2-w samples with 2.5 and 5% SiO2. Surprisingly, the presence 
of SiO2 at 5 and 2.5% actually reduced HO• production by a factor of 1.6 and 2.1 
respectively. It suggests that this SiO2 modification method does not enhance charge 
separation or improve oxidation/reduction at the catalyst surface, as is hypothesized when 
SiO2 is incorporated into the TiO2 lattice [93, 121].  It is likely that deposits of SiO2 on 
the TiO2 surface block migration of electrons/holes to the surface, and hence reduce HO• 
production. With the 2.5%SiO2-TiO2-w, the reduction in HO• production outweighs the 
effect of increased MS2 adsorption, resulting in decreased MS2 photocatalytic 
inactivation kinetics (Figure 4-6 B). At higher SiO2 content, the effect of MS2 adsorption 
becomes more prominent, leading to higher photocatalytic efficiency toward MS2 
inactivation.  
It is hypothesized that the silica outcroppings observed in the TEM images 
(Figure 4-1) may serve as favorable adsorption sites for MS2 adsorption, which brings 
virus particles within close proximity to high HO• concentration and hence improves 
photocatalytic virus inactivation.   
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Figure 4-7 - Hydroxyl free radical production monitored by formation of 
fluorescent 2-hydroxyterephthalic acid. 
4.3.4. MS2 adsorption on P25 and SiO2-TiO2-w   
Considering the importance of adsorption to photocatalytic inactivation of MS2, 
the adsorptive properties of the SiO2-TiO2-w catalysts and the base P25 TiO2 were further 
characterized.  Varying concentrations of MS2 and catalysts were stirred together in the 
dark to achieve adsorption equilibrium and sampled both with particles in suspension to 
determine dark inactivation, and after centrifugal removal of the catalyst to determine the 
amount of MS2 adsorbed.  To help understand the role of adsorption in dark inactivation, 
3% beef extract (pH 9.5) was used to desorb MS2 from the catalyst before re-measuring 
the titer. 
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Figure 4-8 - Dark inactivation and adsorption of MS2 (Na = 4.7 x 10
8
 PFU/mL) by 
P25 TiO2 and 5%SiO2-TiO2-w.  Catalyst dosage = 20 mg/L as TiO2. 
Figure 4-8 shows that 5%SiO2-TiO2-w achieved 1 log MS2 inactivation in dark, 
while there was negligible dark inactivation by P25.  After centrifugation, the titer of 
MS2 exposed to 5%SiO2-TiO2-w decreased by another 2 log, while the virus exposed to 
P25 only showed a 0.2 log additional removal.  This indicates that silica modification 
greatly increases the virus adsorptive capacity of the catalyst, and a significant fraction of 
the adsorbed MS2 is inactivated. The mechanism of such dark inactivation is unclear. 
Control experiments using fumed silica alone showed no loss of active titer before and 
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after centrifugation (data not shown), suggesting that contact with SiO2 alone does not 
account for the dark inactivation observed.   
When beef extract was applied to a pre-stirred suspension of catalyst and viruses, 
there was no difference in titer when particles were in suspension or removed by 
centrifugation, indicating that all the active viruses were desorbed from the catalyst.  The 
active titer measured after beef extract treatment was also the same as that determined in 
the presence of the catalyst without the beef extract, suggesting that the dark inactivation 
was irreversible and due to true inactivation of the viruses and not due to catalyst 
particles physically blocking viruses from contacting with host cells. It is possible that the 
SiO2 (negatively charged) and TiO2 (positively charged) interface creates favorable 
adsorption sites for MS2 due to the charge heterogeneity of MS2 protein capsid [154]; 
strong adsorption at these interfaces leads to irreversible changes in MS2 capsid 
conformation that prevents host infection [166]. There was a larger fraction of MS2 
whose infectivity was not affected by adsorption as indicated by the large difference 
between the active titers before and after removal of the SiO2-TiO2 catalyst as well as the 
active titer measured after application of the beef extract.  These results suggest that the 
SiO2-TiO2-w catalysts contain both high and low affinity adsorption sites. The high levels 
of virus adsorption and inactivation resulting from exposure to SiO2-TiO2-w makes this 
material a good candidate for disinfection in the absence of irradiation.   
Because adsorption plays such an important role in the photocatalytic inactivation 
of MS2, MS2 adsorption isotherm experiments were performed to further investigate 
MS2 adsorption behaviors of the photocatalysts.  The results are presented in Figure 4-9. 
Since the MS2 concentration applied ranged over 7 orders of magnitude, the data was fit 
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with isotherm models by minimizing the weighted least square (Equation 4-2), where 
Weighted SSresid is the sum of weighted residual squares, yn is the measured value, and 
ycalc is the model calculated value [167, 168].  Among the isotherm models tested, the 
data fit the best with the Langmuir model (Equation 4-3) for both P25 and SiO2-TiO2-w 
samples (Figure 4-9). 
Equation 4-2 
 
Equation 4-3 
  . 
 
Here, K is the Langmuir adsorption constant (mL/PFU), Ns the active titer in the 
aqueous phase at equilibrium (PFU/mL), qeq the equilibrium adsorption density (PFU/g), 
and qmax the maximum adsorption density (PFU/g). The adsorption isotherms clearly 
show adsorption saturation for both catalysts at high MS2 concentrations. To our 
knowledge, this is the first demonstration of MS2 adsorption on TiO2 following the 
Langmuir isotherm.  Koizumi and Taya (2002) reported a power function relationship 
between MS2 qeq on P25 and the total number of viruses in the system for 10
2 – 106 
PFU/mL, and developed an adsorption model based on the Freundlich isotherm [25]. In 
our study, the Freundlich isotherm (data not shown) fits the data well at low Ns, but could 
not adequately model the saturation at high Ns.  Adsorption of MS2 to activated carbon 
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has previously been found to follow the Langmuir (Equation 4-3) and Freundlich 
(Equation 2-3) isotherms [169].     
 
  
Figure 4-9 - Adsorption isotherms and Langmuir model fits for MS2 adsorption by 
P25 TiO2 and 5% SiO2-TiO2-w. For P25 TiO2 K = (3.7 ± 1.6) x 10
-7
 mL/PFU, qmax = 
(2.22 ± 0.2) x 10
12
 PFU/g, r
2
 = 0.92. For 5% SiO2-TiO2 K = (1.7 ± 1.6) x 10
-8
 mL/PFU, 
qmax = (7.40 ± 0.2) x 10
13
 PFU/g, r
2
 = 0.91. The maximum adsorption density of the  
Among the isotherm models tested, the data fit the best with the Langmuir model 
(Equation 4-3) for both P25 and SiO2-TiO2-w samples (Figure 4-9): 
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Figure 4-9 reveals that the 5% SiO2-TiO2-w has a maximum adsorption density 
([7.4 ± 0.6] x 10
13
) 37 times that of P25 ([2.2 ± 0.2] x 10
12
 PFU/g), although its 
adsorption affinity is lower (K = [1.7 ± 0.6] x 10
-8
 vs. [3.7 ± 1.6] x 10
-7
 mL/PFU), 
consistent with the overall electrostatic repulsion between MS2 and SiO2. The net effect 
is an increase in adsorption, especially at high MS2 concentrations.  The mechanism 
responsible for the increased adsorption is unknown and is the subject of further study. 
 
4.3.5. Photocatalytic reaction kinetics and effect of initial viral concentration 
Since the viral load may fluctuate greatly in drinking water sources, it is important 
to understand how photocatalytic treatment systems respond to changes in virus 
concentration. However, no photocatalytic inactivation kinetic data has been published 
for virus concentrations varied over several orders of magnitude, as may occur in natural 
waters.  Previous studies typically model photocatalytic inactivation of viruses by TiO2 
using pseudo-first order kinetics (e.g., Chick-Watson) models (Equation 4-1) [70, 80, 81] 
based on either the aqueous phase or aqueous + adsorbed concentration of viruses 
without considering the adsorption quantity.  Koizumi and Taya (2002) developed 
equations for MS2 photocatalytic inactivation rate and pseudo first order rate constant as 
a function of the concentration and adsorption of the virus to the catalyst based on a 
Freundlich isotherm,  although they did not publish any data to support their model [25].   
The Langmuir-Hinshelwood (L-H) model (Equation 4-4) considers photocatalytic 
reactions of contaminants adsorbed on the catalyst surface following a Langmuir 
isotherm, and is commonly used to model photocatalytic degradation of chemical 
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contaminants [82, 83].  In addition to determining its suitability as a model for 
photocatalytic virus inactivation, the L-H model was used in our study to investigate the 
relative contribution of adsorption and photocatalytic reaction to the overall virus 
inactivation at various initial concentrations.  The initial photocatalytic inactivation rate 
was calculated using data obtained within the first 2-10 seconds of irradiation. The L-H 
model (Equation 4-4) was used to fit the data  using the weighed least squares method 
(Equation 4-2), where r is the initial reaction rate (PFU/ g
-1
-s
-1
), k is the inherent reaction 
rate constant (sec
-1
), and the other parameters as defined in Equation 4-3.  The K values 
used for fitting the L-H equation to the data were those determined for the Langmuir 
isotherm fitting (Figure 4-9).  
Equation 4-4 
 
As shown in Figure 4-10, both catalysts display saturation kinetics, consistent 
with the Langmuir adsorption isotherm (Figure 4-9). The data obtained with P25 
conforms reasonably to the L-H model over the entire concentration range tested.  The 
data obtained with 5%SiO2-TiO2-w is skewed greatly at low Ns due to (nearly) complete 
adsorption.  The three lowest Ns were excluded from the model fitting. These results 
suggest that photocatalytic inactivation of MS2 primarily occurs on the catalyst surface.  
The intrinsic reaction rate constant k is lower for 5%SiO2-TiO2 (0.043 ± 0.007) than P25 
(0.15 ± 0.03 s
-1
). This is consistent with the reduced production of HO• (Figure 4-7) as 
ROS production is the main factor determining k. 
s
s
KN
kKN
qr

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Figure 4-10 - Initial MS2 inactivation rate as a function of virus concentration in 
solution can be described by the Langmuir-Hinshelwood model. For P25 TiO2 K = 
(3.7 ± 1.6) x 10
-7
 mL/PFU, k = 0.15 ± 0.03 s
-1
, r
2
 = 0.68. For 5%SiO2-TiO2 K = (1.7 ± 
1.6) x 10
-8
 mL/PFU, k = 0.043 ± 0.09 s
-1
 r
2
 = 0.76. [catalyst] = 97.5 mg/L as TiO2, 
Light intensity = 1.2 mW/cm
2
. 
 
The initial inactivation rate by 5%SiO2-TiO2, however, is notably higher over the 
whole concentration range tested, showing the important role of adsorption on MS2 
photocatalytic inactivation. The maximum initial reaction rate is an order of magnitude 
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higher for 5%SiO2-TiO2 than P25 TiO2 (3.2 x 10
12
 vs. 3.3 x 10
11
 PFU/g), consistent with 
the high qmax of 5%SiO2-TiO2.  This shows that increasing contaminant adsorption to the 
catalyst is equally, if not more, effective for enhancing photocatalytic treatment as 
compared to improving catalyst reactivity.  Strategies for increasing contaminant 
adsorption to catalysts should be developed further.  A catalyst with both improved 
absorptive and reactive properties would greatly improve the viability of photocatalytic 
oxidation as a water treatment option.   
The MS2 inactivation data obtained over different MS2 concentrations revealed 
that the pseudo first order rate constant k’ is not a good parameter for evaluating 
photocatalysts as it is only constant within a limited contaminant concentration range, 
i.e., the linear range of the Langmuir adsorption isotherm. This concentration range 
changes with catalyst type and dosage. For 97.5 mg/L P25 TiO2, k’ is constant for initial 
MS2 concentrations of 10
4
-10
8
 PFU/mL.  At 10
9
 PFU/mL, k’ becomes more than an 
order of magnitude lower (Table 4-2), which corresponds to the plateau predicted by the 
Langmuir adsorption isotherm and the L-H model (Figure 4-9 and Figure 4-10) due to 
adsorption saturation. The effects of virus concentration on the reaction kinetics also 
makes it difficult to compare results reported in different studies, where virus 
concentration may differ along with catalyst particle size, solution conditions, etc.  A 
robust virus inactivation kinetic model is needed. 
The large and abrupt drop in reaction kinetics at high virus concentrations poses a 
challenge for the design and operation of photocatalytic treatment systems.  Spikes in 
virus (or other contaminant) loadings in source water could overwhelm the treatment 
system, resulting in inadequately treated water.  Photocatalytic UV reactor validation 
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protocols need to be developed to account for the effect of catalyst surface saturation and 
water constituents.   
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5.1. Introduction 
The increased regulation of disinfection byproducts (DBPs) in drinking water has 
caused new issues in water quality and safety.  Specifically, utilities increasingly rely on 
alternative disinfection technologies that are less prone to form DBPs (e.g. UV254, 
chloramines); however, some viruses are highly resistant to these methods.  Adenoviruses 
in particular have become a concern, as they require a high (186 mJ/cm2) UV254 fluence 
for 4-log10 inactivation credit [2] and are poorly inactivated by monochloramine [5, 57, 
58]. 
Adenovirses are large (~90 nm), relatively complex dsDNA viruses that cause 
wide ranging symptoms depending on the serotype present.  They contain 13 different 
protein types, with the receptor protein (fibre) being present in 12 copies, which provides 
a level of redundancy in infection capability in the event of minor capsid damage [30].  In 
contrast, a common surrogate virus in water disinfection studies, bacteriophage MS2, is a 
small (~25 nm), relatively simple ssRNA virus that contains only 2 protein types and 
only one copy of the infective (A) protein [33]. 
Studies of adenovirus disinfection in drinking water reveal that disinfectants 
causing damage to the viral proteins leads to more efficient inactivation.  Free chlorine, 
which is highly effective but suffers from DBP formation, damages proteins responsible 
for governing early lifecycle events after the virus infects a cell [12].  Monochloramine is 
much less effective than free chlorine.  Although it is not clear if monochlaramine 
primarily inactivates adenoviruses by causing protein or genetic damage [4], the 
oxidation potential of monochloramine is less than free chlorine, which may reduce its 
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ability to damage proteins.  Polychromatic MP UV irradiation damages adenoviral 
proteins, and is much more efficient than UV254, which only damages the viral genome 
[10].  Ozone is also highly effective against adenovirus and causes severe damage to the 
virus capsid [11, 13].  Since disinfectants which oxidatively damage adenoviral proteins 
are the most effective, photocatalytic oxidation may be a useful method for inactivating 
adenoviruses in drinking water.  However, there are no published studies investigating 
this possibility for adenovirus. 
Titanium dioxide (TiO2) based photocatalysis is an attractive process for 
application to drinking water treatment since TiO2 is stable and non-toxic when ingested 
[68] and generates highly reactive hydroxyl radicals (HO•) [72].  HO• is primarily 
responsible for the inactivation of MS2 by TiO2, as shown in Figure 3-6 and by [70, 74].  
Inactivation is most efficient when the solution conditions promote adsorption of the 
virus to the catalyst [25, 81], where the concentration of HO• is highest.  Since TiO2 is 
activated with UV irradiation, it has the potential to be used in combination with UV 
disinfection methods to improve the virus inactivation kinetics.  Solar irradiation may be 
used to activate TiO2 as well since it partially consists of UV-A irradiation, and catalyst 
modifications can be made to shift the TiO2 adsorption spectra to the visible range to 
improve reactivity under sunlight [90, 170]. 
In this study the effectiveness of TiO2 photocatalytic oxidation against human 
adenovirus serotype 2 is investigated.  Several parameters affecting the reaction kinetics 
which are important to consider in designing a treatment system, such as light intensity, 
catalyst concentration, and virus adsorption quantity, are studied herein.  The resulting 
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kinetics are modeled and compared to those obtained when inactivating bacteriophage 
MS2. 
5.2. Materials and methods 
5.2.1. Materials 
P25 Aeroxide® TiO2 (avg. size 25 nm, 70:30 anatase:rutile, BET 50 m
2
/g, 
referred to as P25 TiO2 hereafter) obtained from Evonik Degussa Corporation 
(Parsippany, NJ) was used as the TiO2 photocatalyst.  P25 was suspended in unbuffered 
ultrapure water (pH 5.5) and dispersed using an ultrasonic processor fitted with a cuphorn 
operated at 100W for 15 minutes immediately prior to all experiments.  Ultrapure water 
was generated by a MilliQ Direct 3 (Millipore, Billerica, MA) fitted with a Biopack filter 
for pyrogen removal.  All glassware and reusable materials for tissue culture work were 
depyrogenated either by heating at 190 °C overnight or soaking in 0.5 M HNO3 overnight 
followed by rinsing in pyrogen-free water.  All items used in the propagation, assay, and 
testing of the viruses was purchased sterile or sterilized by autoclave or 0.22 μm PES 
membrane filters (Millipore).    
5.2.2. Virus propagation, purification, and assay. 
The procedures used for virus propagation and assay were taken from multiple 
sources [52, 171-173].  Human adenovirus serotype 2 (AdV2) (ATCC VR-186) and 
A549 human lung carcinoma cells (ATCC CCL-185) were obtained from the ATCC 
(Manassas, VA).  A549 cells were grown in Ham’s F-12k medium (Sigma Aldrich, St. 
Louis, MO) supplemented with 10% FBS (Hyclone, Logan, UT), 100,000 units/L 
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penicillin (Sigma Aldrich), 10 mg/L streptomycin (Sigma Aldrich), 0.25 mg/L 
Amphotericin B (Sigma Aldrich), and 2.5 g/L NaHCO3.  Cells were propagated by 
seedeing at 8 x 10
3
 cells/cm
2
 in T75 flasks, incubating at 37 °C in humidified air 
containing 5% CO2, and subculturing every 3 days.  Cells were received at passage 82 
and not used beyond passage 97.  T75 flasks were used for virus propagation and T25 
flasks were used for plaque assays after being seeded at 1.4 x 10
4
 cells/cm
2
 and 
incubating 40 hours, when monolayers were approximately 80% confluent.   
AdV2 were propagated by inoculating DPBS rinsed monolayers with viruses in 2 
mL serum free F-12k at an MOI of 200 and incubating for 90 minutes, with flasks being 
rocked at 15 minute intervals.  The inoculate was withdrawn and infected cells were 
incubated in F-12k containing 2% FBS, 100,000 units/L penicillin, 10 mg/L 
streptomycin, 0.25 mg/L Amphotericin B, and 2.5 g/L NaHCO3for 3 days, when 
cytopathic effect was complete.  The flasks were subject to two cycles of freeze-thaw and 
the fluids recovered and centrifuged at 170 G for 10 minutes to remove large cellular 
debris.  The supernatant was then passed through a 0.45 micron pore size PES syringe 
filter to further remove cellular debris and virus aggregates.  The virus solution was then 
purified of dissolved salts and organics by washing with 1mM NaHCO3 in an 
ultrafiltration cell fitted with a 100 kDa nominal molecular weight limit regenerated 
cellulose acetate membrane (Millipore) until 99.999% removal was achieved.  The final 
virus solution contained 2 x 10
9
 PFU/mL and was aliquoted and stored at -80 °C.  Virus 
plaque assays were conducted by inoculating DPBS rinsed monolayers with virus 
samples in 200 or 800 microliters serum-free F-12k media containing 1.5 g/L NaHCO3 
for 90 minutes, with flasks being rocked at 10-15 minute intervals.  The inoculates were 
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withdrawn and the monolayers overlaid with F-12k medium supplemented with 2% FBS, 
50,000 units/L penicillin, 5 mg/L streptomycin, 0.25 mg/L Amphotericin B, 25 mM 
MgCl2, 1.5 % Bacto™ Agar (Becton Dickenson and Company, Franklin Lakes, NJ) and 
2.5 g/L NaHCO3 at 45 °C.  Flasks were given 15 minutes for the media to solidify before 
being inverted and incubated for 7 days at 37 °C in humidified air containing 5% CO2.  
The monolayers were then stained for 2 hours with 5 mg/mL thiazolyl blue tetrazolium 
(MTT, Sigma Aldrich) [171] and virus plaques counted.          
Bacteriophage MS2 (ATCC 15597-B1) and E. coli (ATCC 15597) were obtained 
from the ATCC.  MS2 propagation and enumeration was carried out as described 
previously (Appendix A).    The virus stock was purified to remove salts and dissolved 
organics by washing with ultrapure water in an ultrafiltration cell fitted with a 
regenerated cellulose membrane (Millipore, Billerica, MA) with a nominal molecular 
weight limit of 10 kDa.  Ultrafiltration was performed until salt and dissolved organics 
were reduced by 99.99% and a final virus titer of 1.5 x 10
11
 PFU/mL was reached. The 
pH of the ultrapure water used for washing was adjusted to 7.0 with NaOH to ensure 
optimal survival of MS2 during storage at 4 °C [165]. 
5.2.3. Virus Adsorption and dark inactivation experiments 
Contaminant adsorption to the catalyst particles is one factor that can significantly 
influence the reaction kinetics.  Adsorption may also cause inactivation in the absence of 
light.  Adsorption and dark inactivation assays were designed for each virus to determine 
if differences in adsorption are responsible for differences in photocatalytic reaction 
kinetics between MS2 and AdV2, and to quantify inactivation that occurs in the dark.  
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Ultrapure water, NaHCO3, and virus stock were combined in a Pyrex® Erlenmeyer flask 
to achieve 2 x 10
7
 PFU/mL AdV2 or MS2 and 1 mM NaHCO3.  This was sampled to 
measure the baseline virus concentration and to serve as the positive control before 
adding P25 to a final concentration of 200 mg/L.  The solution was stirred in the dark at 
room temperature for 20 minutes and sampled.  To determine dark inactivation, samples 
were enumerated directly with particles in suspension to quantify active viruses in both 
solution and adsorbed phases, and compared with the initial titer before catalyst addition.  
To measure the quantity of viruses adsorbed to the catalyst, samples were first 
centrifuged at 6000 G for 10 min to remove catalyst particles and adsorbed viruses 
enumerating the supernatant and comparing the titer to the baseline virus titer.  
Experiments were conducted in triplicate and all samples were taken in triplicate.   
The PFU/mL values determined from all flasks were averaged for each condition 
and the pooled standard deviations calculated and converted to 95% confidence intervals.  
Before enumeration, AdV2 samples were serially diluted in serum-free F-12k media 
containing 1.5 g/L NaHCO3 and MS2 samples were serially diluted in 100 mM NaHCO3.  
The inoculate volume used when titering AdV2 samples was 200 microliters.  Catalyst 
free virus suspensions were centrifuged at 6000 G for 10 min to ensure settling of the 
viruses by centrifugation was not a factor when measuring adsorption quantity.  Negative 
controls consisting of enumerating virus-free F-12k solution (AdV2) or virus-free 100 
mM NaHCO3 (MS2) were conducted for each experiment.  Controls for A549 cell 
viability under exposure of TiO2 were conducted by inoculating cells with virus-free F-
12k solution containing 40 mg/L TiO2 (highest exposure) and treating the flasks in the 
same manner as when enumerating virus samples.  The flasks were monitored using 
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phase contrast microscopy over the 7 day incubation period and viability stained to 
determine if survival was effected and if TiO2 could cause cellular lysis zones.  No 
differences were observed between these flasks and the negative control flasks. 
5.2.4. Virus photocatalytic inactivation experiments 
Photocatalytic inactivation experiments were performed in a LZC-4V 
photoreactor (Luzchem Research Inc. Ottawa, Canada) equipped with 2, 4, or 6  UVA 
bulbs (8W, peak emission at 350 nm, Hitachi) to achieve desirable irradiation intensity 
(1.5, 3.0 or 4.0 mW/cm
2
).  Light bulbs were placed only on the opposing sides of the 
reaction flask and pre-lit for intensity and temperature stabilization before experiments. 
The total irradiation intensity was measured using a UV radiometer with a 350 nm NIST 
traceable sensor (Control Company, Friendswood, TX).  Temperature was measured 
using a NIST traceable digital thermometer (Control Company) and was 23.9 ± 0.2 °C at 
1.5 mW/cm
2
 light intensity, 25.4 ± 0.4 °C at 3 mW/cm
2
, and 27.2 ± 0.5 °C at 4 mW/cm
2
.   
A built-in stirring plate at the center of the reactor provided mixing during the 
experiments and an exhaust fan circulated ambient air through the reactor to provide O2 
and stabilize the temperature. 
The reaction conditions used in the photocatalytic inactivation assays are the same 
as in the adsorption and dark inactivation assays, except the P25 concentration used was 
either 50, 200, or 400 mg/L.  After the viruses and catalyst stirred in the dark for 20 
minutes, a sample was taken to quantify the active virus titer before the start of 
irradiation.  The flasks were then irradiated and samples taken at timed intervals for serial 
dilution and titering.  All samples were measured with catalyst particles in suspension.  
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Experiments were conducted in triplicate and all samples were taken in triplicate.  The 
inoculate volume used when titering AdV2 samples was 800 microliters.  The PFU/mL 
values determined from all flasks were averaged for each time point and the pooled 
standard deviations calculated and converted to 95% confidence intervals.  Positive and 
negative controls were conducted with each experiment as described in the dark 
inactivation and adsorption experiment methods.    
5.3. Results and discussion 
5.3.1. Comparison of adenovirus and MS2 inactivation kinetics 
MS2 is commonly used as a surrogate viral pathogen in water disinfection studies 
due to its ease of propagation and assay, similarity in size and structure to some 
pathogenic viruses, and resistance to various disinfection techniques [24-29].  For 
comparative purposes and to determine if MS2 is a suitable surrogate for adenovirus in 
photocatalytic oxidation disinfection studies, both MS2 and AdV2 were treated with 
irradiated TiO2 under the same conditions.  The results, shown in Figure 5-1, reveal that 
AdV2 is much more resistant than MS2 to photocatalytic oxidation.   
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Figure 5-1 - Photocatalytic inactivation kinetics in of AdV2 compared to MS2 using 
50 mg/L P25 and 1.5 mW/cm
2
 UV-A irradiation.  AdV2 displays a strong initial 
shoulder in the kinetics which can be described by the Hom model with n = 1.20, m 
= 2.21, k = 3.16 x 10
-6
 mg
-n
 L
n
 min
-m
, and C = 50 mg/L.  MS2 is inactivated more 
rapidly than AdV2 and the kinetics display a very slight shoulder that can be fit well 
using  the Chick Watson model with k’ = 0.37 1/min or the Hom model with n = 1.9, 
m = 1.4, k = 1.2 x 10
-4
 mg
-n
 L
n
 min
-m
, and C = 50 mg/L. 
AdV2 took a much greater time to reach 4-log10 inactivation than MS2 (70 vs. 10 
min.) when using 50 mg/L P25 TiO2 irradiated with 1.5 mW/cm
2
 UV-A irradiation.  It is 
likely that the differences in capsid structure are responsible for the differences in 
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susceptibility to photocatalytic oxidation.  MS2 contains only one infective site that either 
needs to be damaged itself or obscured by damaged / misshapen coat proteins to render 
the virus non-infective [33, 174].  In contrast, AdV2 contains 12 infective sites (fibre) 
that protrude prominently from the capsid surface [30].  Assuming the other capsid 
proteins (hexon, penton) retain adequate integrity during disinfection, all 12 fibre proteins 
must be damaged to render the virus non-infective. 
The kinetics of AdV2 and MS2 inactivation by TiO2 also take a different form.  
The AdV2 kinetics display a strong initial shoulder and are described well by the Hom 
model (Equation 5-1) [175], where N (PFU/mL) is the virus titer at irradiation time t 
(min), N0 (PFU/mL) is the initial virus titer after dark stirring with catalyst, k (mg
-n 
L
n 
min
-m
) is the rate constant, C (mg/L) is the TiO2 concentration, and n  and m are unit less 
parameters.  In contrast, the MS2 kinetics displays a very slight initial shoulder and is 
described well by both the Chick-Watson model (Equation 5-2), where k’ is the pseudo 
first order rate constant (min
-1
) and the other parameters are the same as in Equation 5-1, 
and by the Hom Model with n = 1.9, m = 1.4, k = 1.2 x 10
-4
 mg
-n
 L
n
 min
-m
, and C = 50 
mg/ L.  The different kinetic forms suggest that different mechanisms may be responsible 
for inactivation of the viruses, or that MS2 requires much less damage before inactivation 
occurs.   
Equation 5-1 
             
⁄   
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Equation 5-2 
           
⁄   
 
The shoulder present in the AdV2 data is evidence that multiple sites may require 
damage before inactivation can occur [175].  This is likely due to the multiple infective 
sites present on AdV2.  An initial delay in the inactivation kinetics is commonly observed 
in the inactivation of bacteria by TiO2, where multiple ROS attacks are required before 
the cell membrane is breached and rapid inactivation occurs [145, 176, 177].  Another 
possibility explaining the shoulder effect is demand for HO• by bicarbonate in the 
reaction mixture [178].  This is less likely, however, since the magnitude of the effect 
should be similar when using MS2.  Ultimately the large differences in inactivation 
behavior between MS2 and AdV2 imply that another surrogate virus may be more 
suitable for evaluating photocatalytic treatment systems for adenovirus inactivation.  
Identifying another surrogate is not within the scope of this study; however, AdV2 is 
used directly here to evaluate the efficacy of P25 TiO2 for inactivation of adenoviruses.  
5.3.2. Adsorption and dark inactivation of adenovirus and MS2 by TiO2 
The fraction of viruses adsorbed to the catalyst is an important parameter which 
affects the photocatalytic inactivation kinetics [25].  The concentration of ROS is highest 
at the catalyst surface, and adsorbed viruses will be more rapidly oxidized than those in 
the solution bulk.  Both dark inactivation and adsorption were assayed to determine if 
differences in these values could explain any differences in the photocatalytic 
inactivation kinetics between AdV2 and MS2.  Figure 5-2 shows there was no dark 
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inactivation for either virus, and only limited adsorptive removal occurred with 
adenovirus (N0/Na = 0.71).  Control tests consisting of centrifuging TiO2 – free virus 
suspensions at 6,000 G did not result in significant reduction of virus titer (data not 
shown), indicating that the removal of AdV2 was solely due to adsorption to TiO2.  These 
results suggest that adenoviruses will be damaged more rapidly than MS2 when 
irradiating the suspensions.    
For AdV2 the survival ratio for dark inactivation is 1.2, signifying an increase in 
titer.  During the course of experimentation, samples containing TiO2 consistently titered 
higher than TiO2 – free virus samples.  It is hypothesized that particle associated viruses 
settle onto cellular monolayers and infect cells more rapidly than by diffusion during the 
inoculation procedure.  TiO2-free solutions rely solely on diffusion of viruses within the 
inoculate to contact cells. Diffusion alone may take longer than the 90 minute inoculate 
time for all viruses to contact the cellular monolayer, especially considering the low 
diffusivity of adenoviruses [179].  The inoculate titer used for assaying dark inactivation 
was decreased to 200 microliters (vs. 800 microliters for assay of photocatalytic 
inactivation) to minimize this effect.  For MS2, the apparent small increase in titer 
observed when measuring dark inactivation and adsorption is attributed to experimental 
variability and error.    
 
 124 
 
Figure 5-2 - Dark inactivation and adsorption of MS2 and AdV2 to 200 mg/L P25 
under dark condition.  No dark inactivation occurs for either virus.  29% of AdV2 
are adsorbed while no MS2 is adsorbed to P25 under these conditions.  Na is applied 
virus concentration.  No is virus concentration after dark stirring either with 
particles in suspension (dark inactivation) or in the solution supernatant 
(adsorption). 
5.3.3. Effect of TiO2 concentration on adenovirus inactivation kinetics 
The concentration of catalyst is an important parameter in photocatalytic systems.  
Typically, the rate of reaction increases with catalyst concentration until the optical 
density of the solution increases to a point where the light cannot penetrate through the 
entire reaction mixture [180].  Increasing the catalyst concentration allows for increased 
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HO• production, which may then increase the inactivation rate of viruses.  Figure 5-3 
shows the AdV2 inactivation kinetics produced by 50, 200, and 400 mg/L TiO2 under 1.5 
mW/cm
2
 UV-A irradiation.  As is typically the case, the inactivation rate increases with 
increasing catalyst concentration to the highest amount tested, 400 mg/L.  This is in 
contrast to one study which found the MS2 inactivation rate begins to plateau at 50 mg/L 
P25 TiO2 and does not significantly increase at concentrations past 100 mg/L [25].  The 
discrepancy may be due to the different reactor systems employed in this study.  The 
optimum TiO2 concentration is highly dependent on reactor configuration, and can be as 
high as 2.5 g/L or as low as 0.2 g/L [180]. 
The data in Figure 5-3 is modeled using the Hom equation, keeping all parameters 
constant (k = 3.16 x 10
-6
, n = 1.20, m = 2.21) and only changing the value of the 
concentration, C (mg/L).  The model fits the data best for 200 mg/L TiO2 (r
2
 = 0.91), 
however tends to slightly underestimate (<0.5 log10) the inactivation during the shoulder 
region when using 50 mg/L (r
2
 = 0.62) and 400 mg/L (r
2
 = 0.74) TiO2.  While not ideal, 
underestimation is more conservative when using models to predict inactivation of 
pathogenic organisms. 
A primary motivation of this work is to reduce the UV energy required to achieve 
adequate disinfection of viruses in drinking water treatment.  When using 400 mg/L 
TiO2, 1,960 mJ/cm
2
 UV-A irradiation is required to achieve 4-log10 inactivation.  This is 
approximately an order of magnitude higher than the UV254 fluence required (120 – 200 
mJ/cm
2
) to reach 4-log10 inactivation of adenoviruses during conventional UV 
disinfection [5].   
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Figure 5-3 - Effect of P25 concentration on the photocatalytic inactivation kinetics of 
AdV2.  The kinetics change in a dose dependent manner and can be described using 
the Hom model with n = 1.20, m = 2.21, k = 3.16 x 10
-6
, and the Concentration, C, 
given in mg/L.   
While increasing the catalyst concentration further may reduce the discrepancy, it 
is not likely this strategy can fully bridge the gap.  Using the maximum optimum TiO2 
concentration of 2.5 g/L reported in prior studies [180], a fluence of 750 mJ/cm
2
 is 
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required to achieve 4-log10 inactivation as predicted by the Hom model with parameters 
determined in our study.  Other strategies are required to improve the virus inactivation 
kinetics, such as increasing the production of HO• (Chapter 3) or increasing adsorption of 
the viruses to the catalyst (Chapter 4).    
5.3.4. Effect of light intensity on adenovirus inactivation kinetics 
Increasing the light intensity can increase photocatalytic reaction kinetics, 
although typically not the total fluence required to achieve a certain treatment level.  In 
studies of chemical contaminant degradation, the photocatalytic reaction rate increases 
linearly with the radiation intensity at low intensity, increases with the square root of 
intensity at intermediate intensities, and is a constant after reaching a certain threshold 
intensity [88].  Too high of an intensity may even reduce the reaction rate, as it promotes 
recombination of excited electrons and holes on the catalyst [72].  To gauge the response 
of AdV2 photocatalytic inactivation to increasing light intensities, the kinetics were 
measured using 200 mg/L TiO2 under 1.5, 3.0 and 4.0 mW/cm
2
 UV-A intensity.  The 
results, shown in Figure 5-4, reveal that the kinetics increases with the intensity. 
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Figure 5-4 - Effect of light intensity on photocatalytic inactivation kinetics of AdV2 
by 200 mg/L P25.  The inactivation rate increases up to 4 mW/cm
2
, the highest 
tested, although diminishing returns are obtained after 3 mW/cm
2
.  The Hom model 
fits the data for 1.5 and 3 mW/cm
2
 with n = 1.20 and m = 2.21.  For 4 mW/cm
2
 m = 
1.49 is used to account for the diminished shoulder observed in the kinetics.  The 
value of k is adjusted to fit each data set. 
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The Hom model was fit to the data in Figure 5-4 by changing the value of k for 
the different light intensities since the rate constant is a function of the amount of reactive 
oxygen species produced.  The values of Hom equation parameters and fluence required 
for 4-log10 inactivation are listed in Table 5-1. The values of n, m, and C were kept the 
same, except in the case of 4.0 mW/cm
2
, where the value of m needed to be decreased to 
fit the data well.  The degree of shoulder (or tailing) is governed by the value of m in the 
Hom model.  It is clear from the data the shoulder effect is diminished at 4.0 mW/cm
2
, 
necessitating the reduction of the m value in the model fit.  It is possible that some minor 
capsid damage occurs under exposure to UV-A irradiation, and this is more pronounced 
at high intensities.  It may then require less HO• attack to inactivate the viruses, which 
manifests as a change in the inactivation kinetic form. 
 
Table 5-1 - Parameters used to fit Hom model to AdV2 photocatalytic inactivation 
data obtained under different light intensities and fluence required to achieve 4-
log10 inactivation. 
I (mW/cm
2
) k x 10
-5
 n m 
I*t  for 4-log10 
inactivation (mJ/cm
2
) 
1.5 0.316 1.20 2.21 2,960 
3.0 1.42 1.20 2.21 2,730 
4.0 12.2 1.20 1.49 3,370 
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The fluence required to achieve 4-log10 inactivation is approximately the same 
when using 1.5 and 3.0 mW/cm
2
 irradiation (2,730 – 2,960 mJ/cm2).  However at 4.0 
mW/cm
2
, the required fluence is greater (3,370 mJ/cm
2
).  This indicates that 1.5 and 3.0 
mW/cm
2
 intensities fall into the low intensity regime, where the reaction rate is 
proportional to the intensity.  At 4.0 mW/cm
2
, the system is moving into the intermediate 
intensity regime, where the reaction rate is proportional to the square root of the light 
intensity and system efficiency is decreasing.  The results obtained at 1.5 and 3.0 
mW/cm
2
 are consistent with previous work, where the MS2 inactivation rate by P25 TiO2 
increased linearly with irradiation intensity up to the maximum tested, 2.2 mW/cm
2
 [25].  
The UV-A intensities used in our study are well within the range found in natural 
sunlight, although the intensity in sunlight varies according to location, season, and time 
of day [181].  Solar driven photocatalytic oxidation may be a viable treatment option 
until advanced catalysts with improved efficiency can be developed.   
5.4. Conclusions 
TiO2 based photocatalytic oxidation can inactivate human adenovirus in a 
reasonable time, however the energy required is still greater than UV-C disinfection 
methods.  Utilizing solar irradiation is necessary to make photocatalytic oxidation with a 
suspended photocatalyst a viable alternative from an energy usage standpoint.  Using an 
immobilized catalyst on an UV-C reactor surface may show improved inactivation 
kinetics compared to UV-C alone, and is the subject of future research.  The development 
of new catalysts with greater efficiency will also aid in improving the viability of this 
technology. 
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The differences in inactivation kinetics between AdV2 and MS2 suggest that 
differences in virus structure are responsible for the varying susceptibility to 
photocatalytic oxidation.  Further research is warranted to determine the mechanisms 
responsible for inactivation of these viruses and provide insight to the viral characteristics 
responsible for increased resistance to photocatalytic oxidation.  The relative increased 
resistance of adenovirus may be due to the multiple infective sites on the capsid, position 
of the infective sites relative to other capsid proteins, stability of the capsid after minor 
oxidation, and the viruses ability to use host DNA repair enzymes to repair damage to its 
dsDNA genome after infection [5, 30]. 
The increasing global population is expected to further strain supplies of both 
clean water and energy.  There exists the need to more efficiently utilize existing 
resources and develop new sources of clean water and energy.  Photocatalytic oxidation 
technologies have the potential to improve the outlook in both of these resources as we 
progress into a future world with increased demand driven by increased population and 
prosperity.          
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6.1. Introduction 
Advanced oxidation processes for water treatment continue to gain increased 
attention in the research community, and are increasingly being implemented in 
municipal / industrial water treatment systems [182].  The systems currently employed 
typically rely on either ozone or UV/H2O2 technologies.  Another potential option is 
advanced oxidation using a photocatalyst (e.g. TiO2, fullerene) in conjunction with UV or 
visible light irradiation.  A major limitation blocking the implementation of 
photocatalytic oxidation is slow reaction kinetics and poor efficiency of contaminant 
degradation or microbial inactivation.  On account of this, much research has been 
conducted on using solar irradiation to drive the photocatalytic system to negate the high 
energy cost required [170].  Another strategy for improving the efficiency of 
photocatalytic oxidation is to modify the catalyst materials for increased activity.  Two 
general strategies are available to accomplish this:  1. Increase reactive oxygen species 
(ROS) production for a given light input and 2. Increase the adsorption affinity of target 
compounds to the catalyst surface, where ROS concentrations are highest. 
One application that photocatalytic oxidation may be particularly suitable for is 
the inactivation of UV254 resistant viruses, such as adenovirus.  Adenoviruses with 
damaged genomes (e.g. by UV254) are still capable of infecting cells where they utilize 
host cell DNA repair enzymes to repair their damaged viral DNA and competently 
replicate [5].  A review of various disinfectants against adenoviruses reveals that 
disinfection methods which cause protein damage, such as chlorine, MP UV, and ozone, 
are the most effective for rapid adenovirus inactivation [10-13].  Photocatalytic oxidation 
generates highly reactive ROS, such as hydroxyl free radical (HO•) and singlet oxygen 
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(
1
O2), which are known to damage proteins [69, 78, 79].  On account of this, 
photocatalytic oxidation may be highly effective for inactivation of adenoviruses.  In 
Chapter 5 it was revealed that human adenovirus type 2 (AdV2) can be inactivated by 
P25 TiO2 based photocatalytic oxidation in a reasonable time, however the kinetics must 
be improved before this technology can compete with UV254 methods.          
Modifying TiO2 with silver increases the inactivation kinetics of bacteriophage 
MS2 by improving the production of HO• (Chapter 3).  Modifying TiO2 with surface 
deposits of silica improves the kinetics of MS2 inactivation by increasing the adsorption 
of the virus to the catalyst (Appendix A, Chapter 4).  These catalyst modification 
strategies may also be effective at improving the kinetics of adenovirus inactivation.  
While the virucidal activity of TiO2 is primarily due to the generation of HO• (Figure 
3-6) [74], other ROS, such as 
1
O2, are known to inactivate viruses [69, 71, 126, 131].  
Recently, an amine functionalized C60 catalyst was developed which generates 
1
O2, forms 
a stable suspension in water, and is effective at inactivating MS2 [69, 126, 131].  This 
material is also activated by visible rather than UV light, which makes it attractive for 
solar disinfection systems.   
The objectives of this study are to determine if silver or silica modified TiO2 
improve the inactivation of AdV2 compared to neat TiO2.  The efficacy of amine 
functionalized C60 for AdV2 inactivation is also investigated and compared to TiO2 based 
materials.   
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6.2. Materials and methods  
 P25 Aeroxide® TiO2 (avg. size 25 nm, 70:30 anatase:rutile, BET 50 m
2
/g, 
referred to as P25 TiO2 hereafter) obtained from Evonik Degussa Corporation 
(Parsippany, NJ) was used as the base TiO2 photocatalyst.  All nanomaterials were 
suspended in unbuffered ultrapure water (pH 5.5) and dispersed using an ultrasonic 
processor fitted with a cuphorn operated at 100W for 15 minutes immediately prior to all 
experiments.  Human adenovirus serotype 2 (AdV2) (ATCC VR-186) and A549 human 
lung carcinoma cells (ATCC CCL-185) were obtained from the ATCC (Manassas, VA).  
AdV2 was propagated, purified, and enumerated as previously described (Chapter 5).  
Bacteriophage MS2 (ATCC 15597-B1) and E. coli (ATCC 15597) were obtained from 
the ATCC (Manassas, VA).  MS2 propagation, purification, and enumeration were 
carried out as described previously (Chapter 5).  Ultrapure water was generated by a 
MilliQ Direct 3 (Millipore) fitted with a Biopack filter for pyrogen removal.  All 
glassware and reusable materials for tissue culture work were depyrogenated either by 
heating at 190 °C overnight or soaking in 0.5 M HNO3 overnight followed by rinsing in 
pyrogen-free water.  All items used in the propagation, assay, and testing of the viruses 
was purchased sterile or sterilized by autoclave or 0.22 μm PES membrane filters 
(Millipore, Billerica, MA).    
6.2.1. Modified TiO2 nanomaterials 
The silver modified material is the same used for MS2 inactivation containing 
5.95% silver (5.95%nAg/TiO2) (Chapter 3).  Briefly, the nAg/TiO2 was synthesized by a 
photochemical reduction method using P25 TiO2, AgNO3, and oxalic acid under UV 
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irradiation.   The material was stored in the dark and under vacuum to prevent further 
oxidation.  It was dispersed and irradiated for 20 hours to recover photocatalytic activity 
prior to using in virus inactivation studies.  The silica modified material is the same used 
for MS2 inactivation in Chapter 4.  The material used here for AdV2 inactivation was 
made by the water synthesis method using 5% SiO2 (5%SiO2-TiO2-w) and was stored 
sealed in a vial in the dark. 
6.2.2. Amine functionalized C60 
Cationic hexakis C60 derivative with amine functionality [C60(CR2)6, R = 
CO2(CH2)2NH3
+
Cl
-
]  (Figure 6-1, hereafter referred to as amino-C60) was synthesized as 
described previously but without immobilization onto silica [126].  The material was 
stored as a powder at -20 °C in the dark.   
 
Figure 6-1 – Structure of hexakis amino-C60 
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6.2.3. Dark inactivation and adsorption of viruses by nanomaterials 
The degree of adsorption of the viruses to the catalyst particles is an important 
parameter which may affect the photocatalytic inactivation kinetics.  Adsorption may also 
lead to inactivation without irradiation.  Both adsorption and dark inactivation of AdV2 
and MS2 were assayed by combining viruses (final 2 x 10
7
 PFU/mL) and ultrapure water 
containing 1 mM NaHCO3 at pH 7.8 in a Pyrex® Erlenmeyer flask.  The virus solution 
was sampled to quantify the virus concentration before particle addition and serve as a 
positive control.  Nanoparticles were then added to a final concentration of 200 mg/L as 
TiO2 for either nAg/TiO2, SiO2-TiO2, or neat P25 TiO2, or 20 M (45.7 mg/L) amino-
C60.  The virus – nanomaterial mixtures were stirred in the dark at room temperature for 
20 minutes before being sampled.  Samples were taken and enumerated directly with 
particles to quantify dark inactivation.  To quantify adsorption (TiO2 based materials 
only), samples were first centrifuged at 6,000 G for 10 minutes before enumerating the 
supernatant.   
Positive and negative controls were carried out during each experiment.  Control 
tests for A549 cell viability in the presence of nanomaterials were conducted by 
inoculating cellular monolayers with serum free F-12k solution containing 20 mg/l as 
TiO2 of nAg/TiO2, 5%SiO2-TiO2, or neat P25 TiO2 or 2 M amino-fullerene, the highest 
concentrations cells were exposed to when inoculated with samples from virus 
inactivation tests.  The inoculation and subsequent incubation of the flasks was 
undertaken exactly the same as when titering virus samples.  Cells were monitored by 
phase contrast light microscopy during the incubation period and viability stained after 7 
days to check for excessive loss of viability.  To further ensure that any reduction in viral 
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titer was not due the death of virus-infected host cells by the nanomaterials, virus stock 
solution was diluted in serum free F-12k (for AdV2) or 100 mM NaHCO3 (for MS2) 
containing 20 mg/l as TiO2 of nAg/TiO2, 5%SiO2-TiO2, or neat P25 TiO2 or 2 M amino-
fullerene.  The resulting solution was used to inoculate cells and the resulting titer 
compared to the positive controls. 
6.2.4. Virus photocatalytic inactivation experiments 
Photocatalytic inactivation experiments were performed in a LZC-4V 
photoreactor (Luzchem Research Inc. Ottawa, Canada).  The reactor was equipped with 
either 2 or 4 UVA bulbs (8W, peak emission at 350 nm, Hitachi) for tests with TiO2 
based nanomaterials and with 6 fluorescent visible light bulbs (8W, cool white, 91% 
emission between 400-700 nm, Sylvania) for tests with amino-fullerene. The UVA 
irradiation intensity of 1.5 mW/cm
2
 (2 bulbs) or 3.0 mW/cm
2
 (4 bulbs) was measured 
using a UV radiometer with a 350 nm NIST traceable sensor (Control Company, 
Friendswood, TX).  A visible light intensity of 51,490 lux, which converts to 15.2 
mW/cm
2
 [183], was measured using a digital lux meter (Reliability Direct, League City, 
TX).   Light bulbs were placed only on the opposing sides of the reaction flask and pre-lit 
for intensity and temperature stabilization before experiments. Temperature was 
measured using a NIST traceable digital thermometer (Control Company) and was 23.9 ± 
0.2 °C (2 bulbs) or 25.4 ± 0.4 °C (4 bulbs) when using UVA bulbs, and 26.2 ± 0.34 °C 
when using visible bulbs.  A built-in stirring plate at the center of the reactor provided 
mixing during the experiments and an exhaust fan circulated ambient air through the 
reactor to provide O2 and stabilize the temperature. 
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The solution conditions used when testing photocatalytic inactivation were the 
same as those used during tests of adsorption and dark inactivation.  After viruses and 
catalyst particles were stirred for 20 minutes in the dark, a sample was taken to quantify 
the active virus titer before irradiation but after any dark inactivation.  The flasks were 
then irradiated and timed samples taken for enumeration of active viruses.  All samples 
were measured with catalyst particles in suspension. 
6.3. Results and discussion 
6.3.1. Adenovirus inactivation by nAg/TiO2 
The adsorption / dark inactivation and photocatalytic inactivation of AdV2 by 
nAg/TiO2 were tested using 200 mg/L as TiO2 catalysts and 3.0 mW/cm
2
 UV-A 
irradiation. Dark inactivation was quantified by enumerating viruses with catalyst 
particles remaining in solution.  Adsorption was assayed by centrifuging catalyst particles 
from the reaction suspension before enumerating the supernatant.  Silver modification of 
TiO2 improved the adsorption and dark inactivation (Figure 6-2) and initial photocatalytic 
inactivation (Figure 6-3) of AdV2.  In the dark, 29% of the virus was inactivated and 
83% adsorbed by nAg/TiO2, vs. no dark inactivation and 29% adsorption for neat TiO2.  
The inactivation by nAg/TiO2 is likely due to silver ions released from the catalyst and 
not adsorption, since the multiple fibre proteins on adenovirus should not all be occluded 
when a virion is adsorbed.  With MS2, a large fraction of MS2 dark inactivation was due 
to leached silver ions, however adsorption caused further inactivation of MS2 (Figure 
3-4).  The apparent increase in AdV2 titer (Figure 6-2) when using P25 may be due to 
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increased infection efficiency of particle associated viruses during the inoculation period, 
as discussed in  Chapter 5. 
Since MS2 contains one infective site, it is possible that adsorption prevents 
access of the site to host E. coli pili, where infection occurs.  In contrast, AdV2 contains 
12 infective sites distributed across the capsid, some of which will remain exposed after 
adsorption of the virus to the catalyst particles.  When using neat TiO2, no dark 
inactivation is observed despite 29% adsorption of viruses to the catalyst.  This leads to 
the conclusion that the dark inactivation is due to leached silver.  The large increase in 
adsorption of AdV2 to nAg/TiO2 vs. neat TiO2 is likely due to interactions of the virus 
proteins with the silver particles.  Silver interacts strongly with sulfer (i.e. cysteine) and 
carboxyl groups [155].  The fibre protein of AdV2 contains an appreciable quantity of 
cysteine, making it a prime target for interaction with silver [184].  Control tests revealed 
the presence of nAg/TiO2 or P25 TiO2 in the inoculate did not reduce the formation of 
viral plaques, and all adsorption / inactivation of the viruses can be attributed to 
interaction of the viruses with the catalyst. 
The photocatalytic inactivation of AdV2 by nAg/TiO2 follows a different kinetic 
profile than neat TiO2 (Figure 6-3).  The most rapid inactivation occurs during the first 
two minutes where 95% of the viruses inactivated, after which the rate diminishes and 
follows a first order profile.  The time to 4-log10 inactivation is the same for nAg/TiO2 
and neat TiO2.   
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Figure 6-2 - Dark inactivation and adsorption of AdV2 to nAg/TiO2 compared to 
P25 TiO2.  AdV2 was stirred in the dark for 20 minutes and the titer (N0) compared 
to the titer of viruses before catalyst addition (Na).  nAg/TiO2 improves both the 
dark inactivation (N0/Na = 0.71) and adsorption (N0/Na = 0.17) as compared to P25 
TiO2.  [catalyst] = 200 mg/L as TiO2, Applied [AdV2] = Na = 2 x 10
7
 PFU/mL. 
The Hom kinetic model (Equation 6-1) fits the data well for both catalyst types, 
where N (PFU/mL) is the virus titer at irradiation time t (min), N0 (PFU/mL) is the initial 
virus titer after dark stirring with catalyst, k (mg
-n 
L
n 
min
-m
) is the rate constant, C (mg/L) 
is the catalyst concentration, and n  and m are unit less parameters [175].  The m value is 
less than 1 (0.7) for the nAg/TiO2 data, which produces the tailing effect.  For neat TiO2, 
the m value is greater than 1 (2.2), which produces the shoulder effect.  The presence of a 
shoulder can be attributed to either a requirement for multiple sites on the virus to come 
in contact with the disinfectant (ROS) before inactivation occurs or to demand from 
solution species (i.e. HCO3
-
) [175, 178].  Since AdV2 contains multiple infective sites, it 
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is possible that both repeated ROS attacks and demand from HCO3
-
 contribute to the 
shoulder present in the inactivation kinetics.   
Equation 6-1 
             
⁄   
 
It is possible that the rapid initial inactivation and tailing observed with nAg/TiO2 
is due to the strong adsorption of the viruses to the catalyst coupled with the greater HO• 
production by this material.  The high adsorption quantity puts most of the viruses in 
close proximity to the generated ROS, causing rapid inactivation.  With the higher HO• 
production rate by nAg/TiO2, the multiple attacks by HO• to cause inactivation may 
occur at the same time or sufficiently quick enough to eliminate the shoulder effect.  The 
tailing may be due to inactivated viruses not desorbing quickly, which then react with the 
newly generated ROS before they can react with active viruses remaining in solution, 
which manifests as a decrease in the inactivation rate.   
6.3.2. Adenovirus and bacteriophage MS2 inactivation by SiO2-TiO2 
The mechanism through which surface deposits of SiO2 improve the virus 
inactivation kinetics of TiO2 is by greatly increasing the absorbance of viruses to the 
catalyst, where the concentration of ROS is highest (vs. the solution bulk) (Chapter 4).  
This mechanism was elucidated in tests of MS2 adsorption / photocatalytic inactivation in 
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ultrapure water at pH 5.5.  During reactions with AdV2, TiO2 aggregates strongly under 
this condition shortly after irradiation begins.   
 
Figure 6-3 - Photocatalytic inactivation kinetics of AdV2 by nAg/TiO2 compared to 
P25 TiO2.  The kinetics produced by nAg/TiO2 are most rapid initially and display a 
slight tailing profile.  The Hom model fits the data well with C = 200 mg L
-1
, k = 5.3 
x 10
-6
 mg
-n
 L
n
 min
-m
, n = 2.2 and m = 0.7.  The kinetics produced by P25 TiO2 
display a shoulder profile followed by rapid inactivation.  The Hom model fits this 
data with C = 200 mg L
-1
, k = 1.6 x 10
-5
 mg
-n
 L
n
 min
-m
, n = 1.2 and m = 2.2. The time 
to 4-log10 inactivation is the same for both catalysts, 15 minutes.  [catalyst] = 200 
mg/L as TiO2, UV-A intensity = 3.0 mW/cm
2
.  N0 is the active virus titer after 
viruses and catalyst are stirred in the dark for 20 minutes.  Applied [AdV2] = Na = 2 
x 10
7
 PFU/mL. 
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The particles were stable at higher pH (7.8) when using 1 mM NaHCO3 buffer in 
ultrapure water, and all AdV2 reactions were undertaken in this condition.  Since solution 
conditions affect the adsorption of viruses to TiO2 [25, 81], MS2 was re-tested in 1 mM 
NaHCO3 solution as well to determine if SiO2 enhances adsorption and the rate of 
photocatalytic inactivation under these conditions.   
Figure 6-4 shows the adsorption and dark inactivation of both viruses using 200 
mg/L as TiO2 catalysts.  SiO2-TiO2 displays vastly improved adsorption (97% vs. 0 % 
adsorbed) when using MS2 in these conditions.  However, AdV2 adsorption is only 
slightly improved (44% vs. 29% adsorbed).  The same trend occurred when testing dark 
inactivation.  SiO2-TiO2 inactivated (or sterically prevented virus-host interaction of) 
97% of the MS2 vs. 0% with neat TiO2.  With AdV2 no dark inactivation occurred with 
either material. The mechanism responsible for improving the adsorption of MS2 is still 
unclear.  Previously we found that SiO2 alone did not adsorb or inactivate MS2, 
suggesting that the improved adsorption / dark inactivation is due to virus interaction at 
the interface of SiO2 and TiO2 particles.  Since AdV2 is much larger than MS2 (90 nm 
vs. 27 nm diameter), AdV2 particles may not have access to as many SiO2 : TiO2 particle 
interface points as MS2 does, which may explain the lack of improvement in adsorption / 
dark inactivation of AdV2.  Differences in surface amino acid residues between the 
viruses may also be responsible for the differences in adsorption / dark inactivation by 
SiO2-TiO2.  Control tests revealed the presence SiO2-TiO2 or P25 TiO2 in the inoculate 
did not reduce the formation of viral plaques, and all adsorption / inactivation of the 
viruses can be attributed to interaction of the viruses with the catalyst. 
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Figure 6-4 - Dark inactivation and adsorption of AdV2 and MS2 by SiO2-TiO2 
compared to P25 TiO2.  Viruses were stirred in the dark for 20 minutes and the titer 
(N0) compared to the titer of viruses before catalyst addition (Na).  SiO2-TiO2 greatly 
improves the dark inactivation (N0/Na = 0.032) and adsorption (N0/Na = 0.028) of 
MS2.  The adsorption of AdV2 is slightly improved (N0/Na = 0.56 vs. 0.71), but 
neither SiO2-TiO2 or P25 TiO2 produce any dark inactivation.  [catalyst] = 200 mg/L 
as TiO2, Applied [AdV2] and [MS2] = Na = 2 x 10
7
 PFU/mL. 
 
 The photocatalytic inactivation kinetics of MS2 and AdV2 were tested using 50 
mg/L as TiO2 catalysts and 1.2 mW/cm
2
 UV-A irradiation.  The effect of SiO2 
modification produces different results for the different viruses (Figure 6-5).  SiO2 
modification improves the kinetics for MS2 but not AdV2.  4-log10 inactivation of MS2 
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occurs in 5 minutes with SiO2-TiO2 vs. 10 minutes with neat TiO2.  With AdV2, it takes 
50 minutes achieve 4-log10 inactivation with SiO2-TiO2 vs. 33 minutes for neat TiO2.  
The lack of improvement in AdV2 inactivation kinetics by SiO2-TiO2 is expected since 
adsorption is only slightly improved.  In Chapter 4 we found that SiO2 modification 
decreases the production of HO• by TiO2, and that the improvement of MS2 inactivation 
kinetics is solely due to the orders of magnitude increase in adsorption of MS2 to the 
catalyst particles which places the viruses in a region of high ROS concentration as 
compared to the solution bulk.  The inactivation kinetics of MS2 and AdV2 by SiO2-TiO2 
also take a different form.  The MS2 kinetics are best described (r
2
 = 0.99) by the Chick-
Watson (first-order) model (Figure 6-3), which is essentially the Hom model with n = m 
= 1 and k’ is the pseudo-first order rate constant (min-1).  The AdV2 kinetics display a 
strong shoulder effect and are best described by the Hom model (r
2
 = 0.98).  With neat 
TiO2, the MS2 inactivation kinetics display a slight shoulder, and can be described by the 
1
st
 order model (r
2
 = 0.94) or the Hom model (r
2
 = 0.98).  The AdV2 kinetics display a 
strong shoulder and is best described by the Hom model (r
2
 = 0.99).   
Equation 6-2 
           
⁄   
 
With MS2, the minor shoulder present when using neat TiO2 could be due to 
demand from HCO3
-
 in the solution bulk, where inactivation occurs under the conditions 
tested, or due to the relatively smaller ROS concentration in the solution bulk vs. the high 
concentration at the catalyst surface.  When using SiO2-TiO2, the high adsorption 
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quantity of MS2 places most viruses in close proximity to newly generated ROS that can 
react with virus proteins before being scavenged in the solution bulk.  Since the ROS 
concentration is higher at the catalyst surface, the multiple ROS attacks which may be 
required to cause inactivation of MS2 could occur at the same or nearly the same time, 
rather than occurring over a longer timescale as may occur in the solution bulk.  Since 
AdV2 contains multiple infective sites, it likely requires more ROS attacks to be 
inactivated than MS2 requires.  It is possible that the increased number of ROS attacks, 
the relatively lower ROS concentration in the solution bulk, and demand from HCO3
-
 
contribute to the shoulder present in the AdV2 inactivation kinetics. 
6.3.3. Adenovirus and bacteriophage MS2 inactivation by amino-C60 
Hexakis amino-C60 has previously proven effective for inactivating bacteriophage 
MS2 under visible irradiation in 10 mM phosphate buffer at pH 7.0 [69, 126, 131].  The 
inactivation observed in these studies is primarily attributed to 
1
O2 production.  One study 
observed significant (1.4-log10 in 9 minutes) inactivation under dark conditions using 50 
micromolar hexakis amino-C60 [131]; however, another study found no inactivation 
occurred in the dark when using 15 micromolar hexakis amino-C60 [69].  In our study 
MS2 and AdV2 inactivation was assayed using 20 micromolar (45.7 mg/L) hexakis 
amino-C60 in 1 mM NaHCO3 at pH 7.8.  Figure 6-6 shows the survival ratio of these 
viruses after stirring in the dark for 20 minutes. 1.8-log10 inactivation MS2 occurred from 
this treatment; however, no loss of AdV2 viability was observed.  The dark inactivation 
of MS2 is likely due to interaction of the positive charged quaternary amines on C60 with 
negatively charged viral proteins. 
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Figure 6-5 - Photocatalytic inactivation kinetics of AdV2 and MS2 by SiO2-TiO2 
compared to P25 TiO2.  SiO2-TiO2 inactivates MS2 approximately 2 times faster 
than P25 TiO2, providing 4-log10 inactivation in 5 minutes vs. 10 minutes.  The MS2 
inactivaiton kinetics produced by SiO2-TiO2 are best fit by a first order model (k’ = 
0.81), while the kinetics produced by P25 TiO2 are best fit with the Hom model with 
C = 50 mg L
-1
, k = 1.2 x 10
-4
 mg
-n
 L
n
 min
-m
, n = 1.9 and m = 1.4.  SiO2-TiO2 reduces 
the rate of AdV2 inactivation, with 4-log10 inactivation occurring in 50 minutes 
compared to 35 minutes for P25.  The AdV2 kinetic profiles from both catalysts 
show a pronounced shoulder region and are fit well with the Hom model.  For SiO2-
TiO2 C = 200 mg L
-1
, k = 1.1 x 10
-6
 mg
-n
 L
n
 min
-m
, n = 1.2 and m = 2.2.  For P25 TiO2 
C = 200 mg L
-1
, k = 2.0 x 10
-6
 mg
-n
 L
n
 min
-m
, n = 1.7 and m = 1.5.  When using MS2 
the [catalyst] = 50 mg/L as TiO2.  When using AdV2 the [catalyst] = 200 mg/L as 
TiO2.  UV-A intensity = 1.5 mW/cm
2
.  N0 is the active virus titer after viruses and 
catalyst are stirred in the dark for 20 minutes.  Applied [AdV2] = [MS2] = Na = 2 x 
10
7
 PFU/mL. 
 149 
The reason for the dark inactivation discrepancy between [69], [131], and our 
study is unknown.  The lack of AdV2 inactivation in the dark is in line with a study of 
germicidal agents against adenovirus serotype 8, which displayed strong resistance to 
disinfection with alkyl (50% C14, 40% C12, 10% C16) dimethyl benzyl ammonium 
chloride [185].  Control tests revealed the presence amino-C60 in the inoculate did not 
reduce the formation of viral plaques, and all inactivation of the viruses can be attributed 
to interaction of the viruses with the catalyst.  
 
 
Figure 6-6 - Dark inactivation of MS2 and AdV2 by hexakis amino-C60.  Viruses 
were stirred in the dark for 20 minutes and the titer (N0) compared to the titer of 
viruses before catalyst addition (Na).  MS2 was strongly inactivated (N0/Na) = 0.014 
while no inactivation of AdV2 occurred.  [amino-C60] = 20 micromolar = 45.7 mg/L, 
applied [AdV2] = [MS2] = Na = 2 x 10
7
 PFU/mL. 
 150 
Amino-C60 proved highly effective for inactivating both MS2 and AdV2 under 
visible light irradiation.  Figure 6-7 shows the inactivation kinetic profile for both viruses 
with survival data normalized to the active virus titer after the 20 minute dark stirring 
period.  MS2 is inactivated very rapidly and is fit well using a pseudo first order model 
(Equation 6-2) with k’ = -12.6 min-1 (r2 = 0.99).  While not inactivated nearly as quickly 
as MS2, AdV2 is inactivated relatively quickly compared to TiO2 based materials.  4-
log10 inactivation is achieved after 6 minutes irradiation.  The kinetics show a slight 
tailing effect, and are best described using the Hom model with C = 45.7 mg L
-1
, k = 2.6 
x 10
-4
 (mg
-n 
L
n 
min
-m
), n = 2.2, and m = 0.71 (r
2
 = 0.99).   
In Chapter 5, the fastest time to 4-log10 inactivation determined experimentally 
with P25 TiO2 is 14 minutes (200 mg/L P25 TiO2 in 1 mM NaHCO3 at pH 7.8 under 4 
mW/cm
2
 UV-A), and is 8 minutes as estimated from kinetic parameters assuming an 
optimum TiO2 concentration of 2.5 g/L under the same conditions.  It is likely that the 
kinetics produced by hexakis amino-C60 could be further increased to achieve 4-log10 
inactivation of AdV2 faster than 6 minutes.  Previously, increased kinetics both with 
MS2 inactivation and furfuryl alcohol degradation  were observed up to a maximum 
tested amino-C60 concentration of 20 micromolar (concentration used in our study) [69].  
It is likely that the kinetics will further increase as the amino-C60 concentration is 
increased past 20 micromolar. Although the optimum concentration is unknown, 50 
micromolar amino-C60 has produced rapid inactivation of MS2 in another study [131].  
Because these two studies utilize different reactor configurations and light sources, it is 
not possible to directly compare the results to determine if 50 micromolar improved the 
kinetics over 20 micromolar amino-C60. 
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Figure 6-7 - Photocatalytic inactivation of AdV2 and MS2 by hexakis amino-C60.  
Amino-C60 is highly effective for both viruses.  4-log10 inactivation of AdV2 occurs in 
5.5 minutes and 2-log10 inactivation of MS2 occurs in 7.5 seconds.  The AdV2 
kinetics display a slight tailing profile, and are fit using the Hom model with C = 
45.7 mg L
-1
, k = 2.6 x 10
-4
 mg
-n
 L
n
 min
-m
, n = 2.2 and m = 0.7.  The MS2 kinetics 
display no shoulder or tailing, and are fit using a first order model with k’ = 12.6.  
N0 is the active virus titer after viruses and catalyst are stirred in the dark for 20 
minutes.  Applied [AdV2] = [MS2] = Na = 2 x 10
7
 PFU/mL. 
 
The photocatalytic MS2 inactivation kinetics produced in our study is much faster 
than those previously reported [69, 126, 131].  This is likely due to the higher light 
intensity and reactor configuration used in our study, and our choice of using 1 mM 
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NaHCO3 as the reaction medium rather than 10 mM phosphate buffer, which causes 
aggregation of the particles [131].  Aggregation of C60 is known to inhibit the production 
of 
1
O2, although the effect is less pronounced in the functionalized materials [130, 131].  
The light intensity used in our study, 51,490 lux, is equivalent to 15.2 mW/cm
2
 radiation 
from 400-700 nm for cool white fluorescent bulbs [183]. 91% of the bulb emission falls 
within this spectral range, 45% is in the region of 380 – 550 nm, and 5.1% in the UV 
region (manufacturer specification).  The absorbance spectra of hexakis amino-C60 is 
strong in the UV region and extends into the visible region up to ~550 nm [131].  For the 
light bulbs used in our study, the intensity up to 550 nm is 6.8 mW/cm
2
 (380 – 550 nm) 
plus 0.78 mW/cm
2
 (UV) based on manufacturer specification.  While no UV cutoff filter 
was used in our study, it was previously shown that visible wavelengths provide the 
majority (84%) of the photocatalytic activity of hexakis amino-C60 when irradiated by 
fluorescent bulbs [69].  While the visible and UV irradiance reaching the earth from the 
sun varies according to location and time of year, the light intensity used in our study is 
representative of the intensity form solar irradiation on a sunny day.         
6.4. Conclusions 
The rapid inactivation of AdV2 by amino-C60 under visible light supports the use 
of this catalyst in solar disinfection systems, where limited external energy inputs (e.g. 
mixing, pumping) are required.  This nanomaterial can be immobilized on silica beads to 
enable catalyst recycling and prevent exposure of water consumers to catalyst particles 
while still retaining its high photoactivity [126].  TiO2 based catalyst materials have been 
given much attention for water disinfection since they generate HO•, which has a much 
 153 
higher oxidation potential than 
1
O2 and may cause more damage to microorganisms.  
However, the extent of damage may be less important than the damage location.  Studies 
of bacteriophage MS2 inactivation by 
1
O2 demonstrate that inactivation is caused by 
oxidation of a single residue on the virus coat proteins (180 copies/virion) [33, 71].  One 
disadvantage of amino-C60 is its potential to degrade over time, whereas TiO2 is highly 
stable.  Exposure of C60 to UV irradiation causes oxidation and the introduction of 
surface oxygen groups to the particle surface [125].  While research on this material has 
shown its activity is not reduced after 5 irradiation cycles (total 10 minutes) [126], further 
research is needed using more relevant timescales (i.e. days) and disinfection cycles to 
determine a realistic lifetime expectancy of this material. 
The AdV2 inactivation kinetics produced by the modified TiO2 nanomaterials is 
disappointing considering the improvement in MS2 inactivation kinetics observed in 
Appendix A, Chapter 3, and Chapter 4.  Two important points may be taken from the 
results.  First, catalyst modifications may need to be designed specifically for the 
pathogen of interest.  A “one size fits all” approach may not be a suitable tactic.  Second, 
MS2 is not a suitable surrogate virus for use in photocatalytic disinfection studies.  This 
study and the results shown in Chapter 5 show that MS2 is much more susceptible to both 
TiO2 based materials and amino-C60 than AdV2.  The high energy input required to 
achieve 4-log10 inactivation of AdV2 by TiO2 makes it unable to compete with UV254 
disinfection.  Regardless, highly stable TiO2 based materials still remain a good option 
for solar disinfection of water.  Solar disinfection of water continues to gain attention 
[170], especially for application in developing countries where energy costs are 
preclusive to adequate water treatment.  Our results demonstrate that AdV2 inactivation 
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by TiO2 occurs in a reasonable time under environmentally relevant UV-A irradiation 
intensities, and this material still holds promise for enabling effective solar based 
disinfection of water.  
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Chapter 7 
Inactivation mechanism of adenovirus 
type 2 and bacteriophage MS2 by TiO2 
– based photocatalytic oxidation5 
5 
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7.1. Introduction 
The effective disinfection of viruses in drinking water remains a challenge, 
especially due to the increased reliance on disinfection methods which limit the formation 
of disinfection byproducts (e.g. UV254, monochloramine).  Adenoviruses (AdV) in 
particular have emerged as a contaminant of concern as they are resistant to disinfection 
with UV254 and monochloramine [5, 58].  Studies of the inactivation mechanisms of AdV 
reveal that those disinfectants which cause damage to viral proteins (e.g. free chlorine, 
MP UV, ozone) result in the most rapid AdV inactivation kinetics.  Free chlorine 
damages AdV proteins that govern lifecycle events [12].  MP UV causes damage to a 
wide range of AdV proteins [10].  Ozonation breaks open AdV capsids [11].  In light of 
this, we hypothesize that photocatalytic oxidation may be highly effective for adenovirus 
inactivation. 
TiO2 based photocatalytic oxidation generates reactive oxygen species (ROS), 
most notably hydroxyl radical (HO•).  TiO2 and HO• are known to damage proteins 
through both cleavage and side chain oxidations [78, 79].  This leads to our hypothesis 
that photocatalytic oxidation may be a good alternative disinfection methods for AdV.  
TiO2 is a candidate for use as a photocatalyst due to its stability, safety when ingested, 
and well understood reactivity [68, 72].  However, there is very limited information on 
the mechanism of virus inactivation by TiO2 based photocatalytic oxidation. 
 Kashige et al. (2001) synthesized a thin film of anatase and applied it for 
inactivation of phage PL-1 [75].  The inactivation kinetics was slowed in the presence of 
bovine serum albumin, suggesting that protein (capsid) damage is a mechanism of 
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inactivation.  However this evidence is extremely weak, as it does not show the albumin 
is specifically degraded or reacts with ROS.  It is possible albumin merely blocks TiO2 
active sites or competes with viruses for ROS.  Kashige et al. (2001) also showed DNA 
damage occurs from treating viruses with TiO2. No conclusions on the specific 
inactivation mechanism may be drawn from their work other than TiO2 can damage 
genetic material and extra protein in the reaction medium slows the kinetics.     
Other authors have provided evidence that proteins and genetic material are both 
targeted by TiO2.  Zan et al. (2007) demonstrated that irradiated TiO2 (liquid suspension 
and dry film) can degrade hepatitis B virus surface antigen (HBsAg) [76].  Xu et al. 
(2007) confirmed the degradation of HBsAG and also showed that irradiated TiO2 is 
capable of degrading free RNA and casein protein [77].  While Kashige et al. 2001, Zan 
et al. 2007, and Xu et al. 2007 provide evidence that TiO2 degrades both protein and 
genetic material, neither study is specific enough to identify if virus inactivation occurs 
through damage to viral proteins or viral genetic material.  Different viruses may be 
inactivated through different mechanisms, and the results of these studies may not 
correlate to the mechanism of AdV inactivation by TiO2. 
In this study we investigate the inactivation mechanisms of adenovirus type 2 
(AdV2) and bacteriophage MS2 by P25 TiO2.   Adenoviruses are much more complex 
than other water-borne viruses, which may lead to their resistance to many disinfection 
methods.  In contrast, bacteriophage MS2, which is commonly used as a surrogate in 
disinfection studies due to its similarity to other water-borne viruses [24-26] and relative 
resistance to some disinfection methods [27-29] is relatively simple when compared to 
adenoviruses.   
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AdV is different from most waterborne pathogenic viruses in that its genome is 
dsDNA rather than RNA.  This enables the virus to utilize the DNA repair enzymes 
present in host cells to repair damage to its own genome (e.g. from UV254 disinfection) 
thus increasing its resistance to disinfectants which act through genetic damage [5].  The 
genome is relatively large, containing 30-40 kb [30].  The 51 human serotypes are known 
to infect the pulmonary, gastrointestinal, and ocular body systems.  Along with the 
gastrointestinal strains (AdV 40 and 41), the respiratory strains may be transmitted 
through the fecal-oral route as well through pulmonary secretions [5].  Respiratory 
serotypes (e.g. type 2) have been identified in the environment and are as much a concern 
as the enteric serotypes [20]. 
The AdV structure is rather large and complex when compared to other 
waterborne viruses and common surrogate pathogens, such as MS2.  The virus size varies 
with the serotype, but is generally stated to be 70-100 nm in diameter [31].  There are 3 
major capsid proteins (Hexon, Penton base, Fibre), 4 minor capsid associated proteins 
(IIIa, VI, VIII, IX), 5 DNA associated core proteins (V, VII, Mu Terminal protein, IVa2) 
and 1 core protease [30].  The capsid proteins are the most likely target for photocatalytic 
oxidation since they should come into contact with ROS first.  The Fibre protein is 
responsible for infection, and damage to it may render the virions non-infective.  Damage 
to hexons may directly inactivate the virions or enable easy access for ROS to enter the 
core and damage the core proteins and/or DNA. 
Bacteriophage MS2 is a relatively small (~25 nm in diameter) virus containing 
positive-sense ssRNA that is 3,569 nucleotides long [33].  The capsid forms an 
icosahedral shape and consists of 2 proteins: coat (180 copies) and A (1 copy) [33].  The 
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A protein, also denoted the maturation protein, interacts with host cells (F+ E. coli) by 
attaching to the bacterial pilus, after which the virus injects its genome and A protein into 
the cell [33, 34].  The A protein is attached to the genome at both the 5’ and 3’ ends [35].  
While it is known that the A protein is exposed to the capsid surface [34], the exact 
location is unknown, although it is hypothesized to be at a vertex of the icosahedron [36].  
During photocatalytic oxidation of MS2, the virus may be inactivated by damaging the A 
protein and preventing interaction with host cells or inhibiting lifecycle processes after 
the A protein enters the host.  Damage to the coat proteins can expose the RNA to 
damaging ROS or change the capsid conformation and preventing the A protein from 
interacting with bacterial pili. 
The primary objective of this study is to determine if protein damage is 
responsible for AdV inactivation and therefore identify the suitability of photocatalytic 
oxidation for disinfection of AdV.  We investigate the inactivation mechanisms of both 
AdV2 and MS2 to determine how differences in virus structure and function lead to 
differences in inactivation mechanisms and inactivation kinetics.  SDS-PAGE is used to 
assay for damage to viral proteins [10], and PCR analysis is used for assaying damage to 
AdV2 genomes [60, 186].  The observed damage to proteins and DNA is correlated with 
inactivation data to elucidate the inactivation mechanisms. 
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7.2. Materials and methods 
7.2.1. Materials 
P25 Aeroxide® TiO2 (avg. size 25 nm, 70:30 anatase:rutile, BET 50 m
2
/g, 
referred to as TiO2 hereafter) obtained from Evonik Degussa Corporation (Parsippany, 
NJ) was used as the photocatalyst.  TiO2 was suspended in unbuffered ultrapure water 
(pH 5.5) and dispersed using an ultrasonic processor fitted with a cuphorn operated at 
100W for 15 minutes immediately prior to all inactivation experiments.  Human 
adenovirus serotype 2 (AdV2) (ATCC VR-186) and A549 human lung carcinoma cells 
(ATCC CCL-185) were obtained from the ATCC (Manassas, VA).  Bacteriophage MS2 
(ATCC 15597-B1) and E. coli (ATCC 15597) were obtained from the ATCC.  Ultrapure 
water was generated by a MilliQ Direct 3 (Millipore) fitted with a Biopack filter for 
pyrogen removal.  All glassware and reusable materials for tissue culture work were 
depyrogenated either by heating at 190 °C overnight or soaking in 0.5 M HNO3 overnight 
followed by rinsing in pyrogen-free water.  Plastic items were depyrogenated using 
PyroCLEAN™ (ALerCHEK™, Inc., Springvale, Maine).  All items used in the 
propagation, assay, and testing of the viruses were purchased sterile or sterilized by 
autoclave or 0.22 μm PES membrane filters (Millipore, Billerica, MA). 
7.2.2. Virus propagation, assay, and purification 
AdV2 and MS2 propagation and assay were carried out as described in section 
5.2.2.  All samples were assayed for active titer with particles in suspension (if 
applicable).  After ultrafiltration and concentration of the crude virus isolates, sucrose 
density gradient ultracentrifugation was used to obtain highly purified virus stocks [187].  
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20 – 80% step sucrose gradients were laid by hand in 10% concentration intervals into 
32.4 mL polyallomer ultracentrifuge tubes (Beckman Coulter) and allowed to equilibrate 
overnight at 4 °C.  An aliquot of virus stock was added to each tube which was 
immediately placed in a SW-32Ti rotor (Beckman Coulter) and spun in an Optima L-
80XP ultracentrifuge (Beckamn Coulter) at 80,000 G and 4 °C for 3 hours (AdV2) or 5 
hours (MS2).  To remove sucrose from solution, the recovered bands containing viruses 
were washed in an ultrafiltration cell fitted either with a PES 300 kDa NMWL 
(Millipore) membrane (AdV2) or regenerated cellulose 10 kDA NMWL (Millipore) 
membrane (MS2) using 1 mM NaHCO3 (AdV2) or pH 7 ultrapure water (MS2).  AdV2 
was aliquoted into cryovials and stored at -80 °C.  MS2 was stored at 4 °C.  The final 
purified virus stocks measured 3.4 x 10
9
 PFU/mL (AdV2) and 5.6 x 10
12
 PFU/mL (MS2). 
7.2.3.    Virus inactivation experiments 
 Virus inactivation experiments were designed to yield enough protein for 
analysis by SDS-PAGE and enough genetic material for analysis by PCR.   In general, 
the concentration of viruses used in the reaction was set relatively high (2 x 10
8
 PFU/mL 
for AdV2, 6 x 10
11
 PFU/mL for MS2), and the concentration of TiO2 kept relatively low 
(50 mg/L) to prevent adsorptive losses.  Viruses, ultrapure water, and NaHCO3 (AdV2 
only, final 1 mM) were combined in a Pyrex® Erlenmeyer flask, stirred briefly, and 
sampled to establish the baseline virus titer and serve as positive control.  TiO2 was added 
and the mixtures stirred under dark condition for 20 minutes to allow for adsorption 
equilibrium to occur.  The flasks were then placed in a photoreactor (Luzchem) fitted 
with 4 UV-A bulbs (8W, peak emission 350 nm, Hitachi) on opposing sides of the reactor 
and timed samples taken for enumeration and/or analysis by SDS-PAGE and PCR.  The 
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UV-A intensity in the reactor measured 3 mW/cm
2
 and the temperature was 25.4 ± 0.4 
°C. 
7.2.4. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
Virus samples from inactivation experiments were taken in 3.5 mL volumes and 
centrifuged at 6,000 G for 10 minutes to remove TiO2.  3 mL supernatant was recovered 
from each sample and spiked with either bovine serum albumin (BSA, Sigma-Aldrich), 
carbonic anhydrase (CA, Sigma-Aldrich) or DNase I (LongLife™, G-Biosciences) as an 
internal standard.  Where noted, the recovered 3 mL supernatants were untreated or 
treated with 0.1 – 0.2% SDS, 1-5% Na-deoxycholate, 0.1% Tween-20, or 113.3 units of 
DNase I (1.5 hour incubation).  The virus solutions were concentrated by a factor of ~10 
using centrifugal ultrafiltration units with 10 kDa NWML regenerated cellulose 
membranes (Amicon® Ultra-4, Millipore).  The recovered concentrates were then mixed 
with 4X Laemmli sample buffer (Bio Rad) containing β-mercaptoethanol (Bio Rad) and 
denatured in boiling water for 4 minutes.  The samples were immediately cooled on ice 
and analyzed or stored at -20 °C for later analysis.  SDS-PAGE runs were conducted 
using 4-20% gradient 10 x 8 cm Precise tris-glycine gels (Pierce Protein Products) ran at 
150 V in a Mini-PROTEAN® gel tank (Bio Rad) filled with tris/glycine/SDS running 
buffer (Bio Rad).   
Gels were stained with Sypro® Ruby Protein Gel Stain (Invitrogen) using the 
rapid protocol recommended by the manufacturer.  Protein bands were visualized using a 
Fluorchem™ 5500 (Alpha Innotech) imaging system and analyzed using Alpha View SA 
3.3.0 software (Cell Biosciences, Inc.).  Two independent inactivation experiments were 
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conducted for protein analysis and samples from each experiment were run by SDS-
PAGE three times.  The band densities from each run were adjusted based on the 
intensity of the internal standard and were normalized to the corresponding band densities 
of non-irradiated (dark stirred) samples.  The normalized values were then averaged and 
the 95% confidence intervals of the data determined.  For correlation of band density 
values with virus survival data, band density values from each experiment and SDS-
PAGE run were averaged together. 
7.2.5. Polymerase chain reaction (PCR) 
Virus samples from inactivation experiments were taken in 1.1 mL volumes and 
centrifuged at 6,000 G for 10 minutes to remove TiO2.  1 mL supernatant was recovered 
from each sample and incubated with 110 units DNase I at room temperature for 1.5 
hours.  The solution was then concentrated as done for samples prepared for SDS-PAGE 
analysis.  Virus solutions which were treated with DNase or untreated were also made 
and analyzed to determine if DNase caused DNA damage.  The samples were heated at 
65 °C for 10 minutes to inactivate the DNase before extracting the DNA.   
 AdV2 DNA was extracted using a QIAamp MinElute Virus Spin Kit (Qiagen) 
according to the manufacturer’s protocol without the addition of carrier RNA. DNA 
concentrations were measured by fluorescence spectroscopy (ex. 497 nm, em. 520 nm) 
on a Tecan Infinite F500 plate reader using SYBR Green dye and serial dilutions of λ 
Mix Marker 19 (Fermentas) as a standard. Adenovirus DNA concentrations for each 
treatment were normalized and used as template for real-time quantitative PCR (RT-
qPCR) on an ABI 7500 system. Each 25 µl PCR reaction consisted of 12.5 µl of Power 
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SYBR Green PCR Master Mix, 1.25 µL of forward primer, 1.25 µL of reverse primer, 
0.5 ng of template DNA, and nuclease-free molecular grade water.  The primer sequence 
used for amplification was the same used by [60].  PCR reaction conditions were as 
follows: 50 °C for 2 minutes, an initial activation step of 95 °C for 10 minutes, and 40 
repetitions of denaturation (95 °C for 15 seconds), annealing (56 °C for 30 seconds), and 
elongation (72 °C for 90 seconds). Fluorescent measurements were taken at the end of 
each elongation step (total 40). The data was analyzed using Applied Biosystems 7500 
System SDS v1.2 software.  RT-qPCR products from dark stirred and 15 minute 
irradiated samples were analyzed using agarose gel electrophoresis to ensure proper 
amplification. SYBR Safe DNA gel stain was added directly to a 1% agarose gel prior to 
solidification. DNA bands were visualized under UV illumination. PCR product sizes 
were determined through comparison with a standard 500 bp DNA ladder (Fermentas).  
Products formed a single, sharp band of the appropriate size, 1 kb.  
Two independent inactivation experiments were conducted for DNA analysis and 
samples from each experiment were run in duplicate by PCR two times.  A sample of 
untreated virus stock containing 0.05 ng DNA and a sample of PCR reaction solution 
without template DNA were run with all virus samples as controls.  Cycle 24 was chosen 
for analysis of DNA damage, where the amplification curve was just below the top of the 
exponential phase for each sample and the greatest difference between the non-template 
control and virus sample signals was observed.  The background intensity value (non-
template control) was subtracted from the intensity value for each sample.  Samples from 
each experiment and PCR replicate were analyzed by normalizing the signal intensity to 
the signal intensity from the non-irradiated samples (dark stirred) that corresponded to the 
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same inactivation experiment and PCR replicate. The normalized values were used to 
calculate the lesions/kb for each experiment and PCR replicate [186], which were then 
averaged and the 95% confidence interval determined.  For correlation of DNA damage 
with virus survival data, the raw fluorescent intensity values for all experiments and PCR 
replicates were averaged together.    
7.3. Results and discussion 
7.3.1. Virus inactivation kinetics 
Virus inactivation experiments conducted for assaying protein damage of AdV2 
and MS2 were designed to yield enough protein for analysis by SDS-PAGE and enough 
genetic material for analysis by PCR.   In general, the concentration of viruses used in the 
reaction was set relatively high (2 x 10
8
 PFU/mL for AdV2, 6 x 10
11
 PFU/mL for MS2), 
and the concentration of TiO2 kept relatively low (50 mg/L) to prevent adsorptive losses.  
Viruses were assayed with catalyst particles in suspension, but particles were removed 
before performing biochemical assays in order to prevent interferences.  The inactivation 
kinetics of AdV2 and bacteriophage MS2 are shown in Figure 7-1.   
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Figure 7-1 - Inactivation kinetics of AdV2 and MS2 under conditions used for 
assaying protein and genetic damage.  AdV2 kinetics follow a 1
st
 order profile for 
the first 30 min. (kN = 0.141, R
2
 = 0.99).  MS2 data is best described using the Hom 
model with C = 50 mg L
-1
, k = 1.94 x 10
-4
 mg
-n
 L
n
 min
-m
, n = 1.66, m = 1.64 (R
2
 =  
0.99).  Applied AdV2 = 2 x 10
8
 PFU/mL, Applied MS2 = 6 x 10
11
 PFU/mL, [TiO2] = 
50 mg/L, UV-A intensity = 3 mW/cm
2
, pH 7.8 1 mM NaHCO3 (AdV2) or pH 5.5 
ultrapure water (MS2).  
Equation 7-1 
             
⁄  
 
Consistent with the results of Chapter 5, the inactivation kinetics of AdV2 are 
much slower than MS2.  Although in the present study MS2 inactivation was not 
conducted in 1 mM bicarbonate which may scavenge some HO• and slow inactivation, 
the kinetics are comparable to our previous study where 4-log10 inactivation occurred in 
10 minutes with 50 mg/L P25 TiO2, 1.5 mW/cm
2
 UV-A, pH 7.8 1 mM NaHCO3.  Thus, 
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the difference in kinetics observed in Figure 7-1 is not due to the NaHCO3 present in the 
AdV2 reaction mixture.  Both the AdV2 and MS2 display an initial lag in the kinetics.  
The AdV2 kinetics display a 1
st
 order profile (Equation 7-2, kN = 0.141 min
-1
, R
2
 = 0.99) 
up to 30 minutes (2-log10) inactivation, after which the kinetics abruptly become more 
rapid.  The shoulder in the MS2 kinetics displays a smoother profile and the inactivation 
rate gradually increases with time.  The MS2 kinetic profile is best described (R
2
 = 0.99) 
using the Hom Model (Equation 7-1) [175] with C = 50 mg L
-1
, k = 1.94 x 10
-4
 mg
-n
 L
n
 
min
-m
, n = 1.66, m = 1.64.  The presence of the initial lag in kinetics for both AdV2 and 
MS2 is most likely due to multiple ROS attacks required for inactivation [175] and/or 
saturation of the catalyst particles due to the high virus titers used in the reaction solution 
(Chapter 4). Assays for protein and genetic damage are conducted for each virus to 
determine the mechanism responsible for the vast difference in inactivation kinetics 
between AdV2 and MS2.  
7.3.2. Assays for adenovirus protein damage caused by photocatalytic oxidation 
SDS-PAGE is used to assay damage of viral proteins, similar to that described by 
[10].  While this technique is not sensitive enough to identify minor oxidations which 
may lead to virus inactivation [71], it can give an indication to which proteins are more 
susceptible to major damage (i.e. cleavage, cross linking).  When proteins suffer major 
damage, their migration in the protein gel is altered which results in a reduction in the 
protein band intensity (at normal position).  Therefore, a reduction in intensity of a 
specific protein band after inactivation is an indication that the specific protein has 
undergone extensive damage.  Protein bands were identified based on their molecular 
weight and descriptions available in the literature [187-192].  
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Initial SDS-PAGE analysis of inactivated AdV2 showed that samples treated with 
photocatalytic oxidation were severely aggregated, even after denaturation in SDS – βME 
sample buffer (Figure 7-2).  Viruses that had been stirred with TiO2 but not irradiated did 
not display aggregation.  Core proteins (V and VII) did not aggregate, indicating that 
capsid proteins primarily comprise the aggregated protein fraction.  The dark stir (un-
irradiated) sample was ran at 1/2 and 1/10 volume to show which proteins produced a 
linear signal over 1 order of magnitude.  Only protein II (hexon) is present in sufficient 
quantity.   
One possibility explaining the observed aggregation of capsid proteins is protein 
oxidative induced cross-linking [193].  If two or more hexon subunits (109 kDa each) are 
crosslinked, the combined molecular weight would place the band at the very top of the 
gel / bottom of the sample well, depending on the number of connected subunits.  Such 
crosslinking could disrupt the release of DNA from the capsid into the host cell nucleus, 
effectively resulting in inactivation.  A second possibility explaining the aggregation is 
that oxidation changes the conformation of the capsid proteins.  This may cause internal 
hydrophobic amino acid residues to face the outer surface, which may then form strong 
interactions with the hydrophobic residues on other proteins / peptides [194].  To test this 
possibility, virus samples were pre-treated with detergents (SDS, Na-deoxycholate, or 
Tween-20) to disrupt hydrophobic interactions before concentration and denaturation 
with SDS-PAGE sample buffer [190, 195].  Detergent pre-treatment did not reduce the 
observed aggregation (data not shown), indicating that conformation change induced 
hydrophobic interaction is not responsible. 
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Figure 7-2 - Protein gel of AdV2 treated by photocatalytic oxidation.  Severe 
aggregation is observed in irradiated samples (20 – 80 min.), as a large fraction of 
the protein remains at the bottom of the sample well and streaking is present 
throughout the lanes.  The dark stir (un-irradiated) sample was ran at 1/2 and 1/10 
dilution to verify linear signal over 1-order of magnitude.  AdV2 proteins II – VII 
were identified.  CA (carbonic anhydrase) is used as an internal standard. 
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Figure 7-3 - Protein gel of AdV2 treated by photocatalytic oxidation when samples 
are incubated with DNase before denaturation with SDS-PAGE sample buffer.  No 
aggregation is apparent in the sample wells.  Faint bands of higher molecular weight 
than normal AdV2 proteins are apparent in the lanes ran with 5 and 10 min. treated 
viruses.  A decrease in hexon band intensity is apparent over all treatment times.  
DNase causes severe interference with lower molecular weight proteins, and the 
upper DNase band is used as the internal standard. 
A third possibility explaining the observed aggregation of capsid proteins after 
photocatalytic oxidation is crosslinking between viral DNA released from broken capsids 
and capsid proteins.  Even small amounts of DNA are known to cross-link adenoviral 
particles, resulting in aggregation [190].  To test this possibility, virus samples were 
incubated with DNase to digest free DNA and eliminate the possible crosslinking 
between DNA and proteins / peptides.  The results, shown in Figure 7-3, reveal that 
aggregation is eliminated after treatment with DNase, indicating that the observed 
aggregation (Figure 7-2) is due to protein crosslinking with released DNA.  This provides 
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strong evidence that photocatalytic oxidation breaks open AdV2 capsids and exposes the 
internal DNA.  Damage to virus capsids of this severity is likely to cause inactivation. 
Since virus stock, concentrated virus solution, and virus samples which had only been 
dark stirred with TiO2, but not irradiated, did not aggregate (Figure 7-2), it is not possible 
that any DNA remaining in the virus stock, that the concentration procedure, or that some 
interaction with non-irradiated TiO2 particles caused the aggregation. Therefore, 
photocatalytic oxidation breaks the AdV2 capsids open, releasing DNA.  This result is 
consistent with a study of ozone disinfection of adenovirus that showed the capsids break 
open during the disinfection process [11].   
Some oxidation induced crosslinking of proteins is apparent in Figure 7-3.  The 
lanes corresponding to 5 and 10 minute treated samples reveal some higher molecular 
weight proteins are formed at approximately 150 and 200 kDa.  This is likely due to 
crosslinking between hexon (II) subunits (109 kDa each) with themselves or with penton 
base (III) subunits (63 kDa each) or protein IIIa (63 kDa).  Crosslinking in this manner 
could lead to inactivation of the viruses if it disrupts attachment to host cells or disrupts 
transfer of the viral genome to the host cell nucleus.   
As shown in Figure 7-2 and Figure 7-3, only protein II (hexon), the major capsid 
protein, is present in a concentration high enough to produce a signal over 1-order of 
magnitude.  Overloading the gel with sample to increase the band densities of other 
AdV2 proteins resulted in interferences from the DNase solution at higher molecular 
weights and from extraneous proteins remaining in the purified virus stock.  As such, 
only the band density values for hexon were measured for analysis.  Figure 7-4 shows the 
hexon band density decreases with a 1
st
 order profile (Equation 7-3, kH = 0.038, R
2
 = 
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0.97), similar to the AdV2 inactivation kinetics for the first 30 minutes of inactivation 
(Figure 7-1).  After 50 minutes of irradiation, only 13% of the hexon band density 
remains.  Hexon is the major adenovirus capsid protein.  Severe damage to this protein 
would break open the capsid structure causing release of DNA, as is apparent from 
elimination of aggregation after incubation of samples with DNase (Figure 7-3).   
Eischeid and Linden (2011) used SDS-PAGE to identify protein damage to AdV2 
after MP UV irradiation [10].  Their study shows significant damage to hexon (and other) 
proteins, but only after MP UV doses (186 – 300 mJ/cm2) far exceeding those required to 
produce 5-log10 inactivation (40 mJ/cm
2
).  While SDS-PAGE methods are not capable of 
identifying minor oxidations which may lead to inactivation [71] and which likely occur 
from MP UV irradiation (due to the high inactivation efficiency), our data shows 
photocatalytic oxidation produces more major (i.e. cleavage) hexon protein damage for a 
given virus inactivation level.  Apparently, such severe damage does not lead to an 
increased level of AdV2 inactivation.  Eischeid and Linden’s (2011) study showed 
damage also occurred to AdV2 fibre (IV) and core proteins, which are responsible for 
host interactions and regulating lifecycle processes, respectively [10].  AdV2 may be 
more susceptible to minor damage of these proteins, which we were unable to assay for, 
as discussed above.  It is possible that these proteins are relatively resistant to 
photocatalytic oxidation, either through their amino acid profile or location in the virions, 
and therefore AdV2 inactivation by photocatalytic oxidation requires significant hexon 
damage to occur.  An examination of the AdV2 cell infection process reveals that hexon 
proteins are destabilized after entry into cells in order to enable release of genomic 
material into the cell nucleus [189].  Oxidative damage to hexons could disrupt their 
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conformation and destabilize them, but may not lead to inactivation since destabilization 
is normal for cellular infection to proceed.  Significant damage to the capsid structure 
may be required to expose core proteins and/or DNA to ROS before inactivation occurs.         
 
Figure 7-4 - Reduction in AdV2 hexon (protein II) band density with increasing 
treatment time.  Decrease in band density follows a first order profile. 
Since both AdV2 survival and hexon band density decrease according to 1
st
 order 
profiles (Equation 7-2 and Equation 7-3), a relation can be formulated (Equation 7-4) 
which relates the survival with the hexon band density.  In these equations N is the virus 
titer (PFU/mL) at time, t (min), N0 is the initial virus titer, H is the hexon band density at 
t, H0 is the initial hexon band density, kN (min
-1
) is the 1
st
 order rate constant for AdV2 
survival, and kH (min
-1
) is the 1
st
 order rate constant for hexon band density.  Figure 7-5 
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shows a plot of H/N data values vs. time and a plot of Equation 7-4 (“model”) using the 
1
st
 order rate constants for survival and hexon density shown in Figure 7-1 A and Figure 
7-4, respectively.  Equation 4 fits the data well (R
2
 = 0.88), indicating a strong 
relationship between hexon band density and virus survival.  The data can also be plotted 
directly against each other (Figure 7-6) to further show that AdV2 survival is directly 
related to the hexon band density during photocatalytic oxidation.  These analyses 
provide strong evidence that photocatalytic oxidation inactivates AdV2 through damage 
to the virion capsids. 
Equation 7-2 
tkNeNN
 0     
Equation 7-3 
tkHeHH
 0  
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N
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0
0 
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Figure 7-5 - Plot of relationship between AdV2 survival and hexon band density 
(Equation 7-4 – “model”) as a function of time. 
7.3.1. Assays for damage to adenovirus DNA 
The reaction conditions used to assay for genetic damage of AdV2 are the same as 
those used for assaying protein damage.  Since the protein damage assays reveal that viral 
capsids break open and release DNA when photocatalytically oxidized, we only analyzed 
samples within the first 15 minutes of irradiation (~ 1 log10 inactivation) since the DNA 
available for analysis decreases as more capsids break.  In addition, samples were treated 
with DNase to remove free DNA from solution before DNA extraction was carried out.  
DNA released from capsids into solution is likely subject to increased oxidation and 
would skew the results to show increased DNA damage with treatment time if this 
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fraction of were included in the assay.  Treatment with DNase ensures that the DNA 
analyzed only corresponds to intact virions, which may or may not be inactivated. 
 
Figure 7-6 - Plot of AdV2 titer vs. hexon band density show a linear relationship 
between the two variables.  
  
Equal amounts of DNA (0.5 ng) from each sample were analyzed by real-time 
PCR.  The fluorescent intensity values at cycle 24 were chosen for analysis.  The 
amplification curves for all samples (and 1/10 and 10x DNA content controls) were near 
the top of the exponential phase at this cycle and intensity signals were maximized 
against background. The lesions per kilobase (kb) of the strands were calculated as shown 
in Equation 7-5 [186].  Here I is the background corrected signal intensity measured for 
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each sample well and I0 is the background corrected signal intensity measured for virus 
samples stirred with TiO2 under dark condition. 
Equation 7-5 
 kbLengthAmplicon
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0
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Figure 7-7 shows the DNA lesions per kilobase (kb) of AdV2 genomes as a 
function of irradiation time.  The lesions/kb are calculated for each PCR run from each 
independent inactivation experiment, and the results averaged and 95% confidence 
intervals determined from the data.  The lesions increase most rapidly during the first 2.5 
minutes of irradiation, and then slowly increase to 1.4 lesions/kb at 15 minutes irradiation 
time, corresponding to 86% inactivation.  Eischeid et al. (2009) performed a similar 
analysis for the UV inactivation of AdV2 [60].  In their study, ~99% inactivation 
corresponded to a DNA damage of 1.4 lesions/kb when using UV254 irradiation, which 
only causes genetic damage.  Based on DNA damage alone, we should observe greater 
inactivation than 86%.  Since our study shows a 60% reduction in hexon protein (Figure 
7-4) along with 1.4 lesions/kb at 86% inactivation, it is likely that the DNA results are 
skewed despite DNase treatment, as inactivation should be higher.  It is possible that a 
fraction of virions have breaks in the capsid structure smaller than 4 nm in diameter, the 
approximate minimum size of DNase (33kDa) [196].  These breaks could allow easy 
access for ROS to enter the capsid and cause severe DNA damage past that required for 
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inactivation, but prevent DNase from removing this material before PCR analysis.  The 
consequence of this would be an increase in the measured DNA damage.  Equation 7-5 
was also derived assuming an equal distribution of genetic damage [186], which may not 
hold in this system since capsids exist in fractured and unfractured states and may be 
prone to differing levels of DNA damage.   
 
 
Figure 7-7 - AdV2 DNA lesions/kb as a function of irradiation time as determined 
by PCR assay. 
 
Despite the likelihood of the DNA damage data being skewed, the correlation 
between AdV2 titer and the raw amplified DNA fluorescence values at PCR cycle 24 
were analyzed using Figure 7-8.  The plot of AdV2 titer vs. amplified DNA fluorescence 
values is bet fit using a logarithmic function, indicating survival decreases more rapidly 
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with a decreasing amount of DNA damage at longer irradiation times.  While this 
weakens the possibility that AdV2 inactivation is solely due to genetic damage during 
photocatalytic oxidation, we cannot rule out that DNA damage plays an important role in 
the process.  Indeed, it may be that inactivation proceeds by first breaching the capsid 
structure through damage to hexons followed by damage to the DNA and core regulatory 
proteins by ROS.  This inactivation mechanism is shown in Figure 7-9.  Damage to both 
core proteins and DNA may produce faster inactivation than damage to DNA alone, 
which may explain the logarithmic relationship observed in Figure 7-8.    
 
Figure 7-8 - Plot of AdV2 titer vs. amplified DNA fluorescent intensity at PCR cycle 
24.  The data are best fit using a logarithmic function, indicating reduced sensitivity 
of survival to decreasing amounts of undamaged DNA in photocatalytically oxidized 
virus samples. 
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Figure 7-9 – Proposed inactivation mechanism of AdV2 by TiO2 photocatalytic 
oxidation. 
7.3.2. Assays for MS2 protein damage caused by photocatalytic oxidation 
The inactivation kinetics of MS2 are much faster than AdV2 (Figure 7-1), 
suggesting that inactivation of MS2 occurs through a different mechanism than AdV2.  
Figure 7-10 shows protein gels used to assay damage to the two proteins present in MS2: 
coat and A.  Due to the differences in content of these proteins in each virion, and to the 
presence of low molecular weight extraneous proteins in the purified virus stock, separate 
gels were ran using different amounts of sample to analyze the coat and A proteins 
separately.  Figure 7-10 A, used for analysis of A proteins, was ran using 10 times the 
sample volume as Figure 7-10 B, which was used for analysis of coat proteins.  Taken 
together, both gels show at least 1 order of magnitude signal range for the A protein.  A 
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plot of the A and coat protein band density values corrected by the band density values of 
the BSA internal standard is shown in Figure 7-11. 
 
 
Figure 7-10 - Protein gel of MS2 treated by photocatalytic oxidation.  Gel (A), used 
for analysis of the MS2 A protein, was ran using 10 times the sample volume as gel 
(B), which is used for analysis of the MS2 coat protein.  The band corresponding to 
the A protein in (A) is rapidly reduced in density.  The band corresponding to the 
coat protein in (B) is relatively unchanged (after accounting for differences in 
internal standard (BSA) density).  The band corresponding to the A protein is 
present in both (A) and (B), confirming the protein is present in sufficient quantity 
to provide a signal over 1 order of magnitude. 
 182 
 
Figure 7-11 - Plot of MS2 coat and A protein band densities as a function of 
irradiation time shows A protein is susceptible to photocatalytic oxidation while the 
coat protein is not majorly damaged during the inactivation time. 
As shown in Figure 7-10 and Figure 7-11, the MS2 A protein undergoes extensive 
damage, while the major capsid protein, coat, is unchanged (after accounting for 
differences in BSA density).  The proposed inactivation mechanism is shown in Figure 
7-12.  The A protein is responsible for attachment of virions to the E. coli pili and is 
injected into the host cells along with the RNA to perform regulatory functions [33, 34].  
Significant damage to the A protein could prevent MS2 virions from recognizing its host 
or disrupt lifecycle events after infection.  Either possibility would result in inactivation.  
While no major (i.e. cleavage) damage was found to occur to the coat protein over the 
treatment time, it is possible that minor damage occurs.  This minor damage may cause a 
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change in conformation of the coat proteins, which could then obscure the A protein and 
prevent it from interacting with host cells.  This additional mechanism may then explain 
why inactivation is a (nearly) first order process while the A protein degrades according 
to a zero order profile.  Regardless, the extreme susceptibility of the A protein to 
photocatalytic oxidation is the likely reason why the MS2 inactivation kinetics are much 
faster than the AdV2 kinetics.  AdV2 apparently requires significant and extensive 
damage to its major capsid protein, hexon, to occur before being inactivated. 
  
Figure 7-12 – Proposed inactivation mechanism of MS2 by TiO2 photocatalytic 
oxidation. 
 
The reason for the high susceptibility of the MS2 A protein to damage by 
photocatalytic oxidation is not clear.  Studies of protein and peptide susceptibility to 
damage by TiO2 and HO• reveal that cleavage preferentially occurs at proline, glycine, 
and alanine residues, and that side chain oxidations are preferential at valine and leucine 
residues [78, 79, 123].  Proline, glycine, and alanine comprise 20% and valine and 
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leucine comprise 17% of the A protein [153].  The coat protein contains a similar content 
of these residues; proline, glycine, and alanine comprise 23% and valine and leucine 
comprise 17% of the coat protein [197].  Based on the content of these proteins, the coat 
should be slightly more susceptible than the A protein to cleavage by photocatalytic 
oxidation, however no major damage to the coat protein is observed (Figure 7-10 and 
Figure 7-11).   
It is possible that MS2 preferentially adsorbs to TiO2 at the A protein, causing it 
to be exposed to a higher concentration of ROS and thus be damaged more rapidly than 
the rest of the capsid.  There is some evidence to support this hypothesis.  While the exact 
location of the A protein is unknown, it is known to be (partially) exposed on the capsid 
surface and is thought to be located at a vertex of the icosahedron [34, 36].  Since it is 
only present in one copy, adsorption of MS2 to TiO2 at the A protein would prevent it 
from interacting with host cells through a steric mechanism.  In Chapter 3, we observed 
that the same quantity of MS2 adsorbed to TiO2 was also inactivated under dark 
condition, supporting the hypothesis that the MS2 A protein preferentially adsorbs to 
TiO2.  A study of amino acid adsorption to TiO2 reveals that the acidic amino acids, 
aspartatic acid and glutamic acid, formed ordered layers on TiO2, while amino acids 
without acidic side chains showed little adsorption affinity [198].  16.5% of the MS2 A 
protein is comprised of these residues, while they comprise 19.9 % of the coat protein 
[153, 197].  Therefore, differences in the content of these residues cannot be used to 
explain the possibility that the MS2 A protein preferentially adsorbs to TiO2.  Further 
study is warranted to determine why the A protein is so susceptible to photocatalytic 
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oxidation, as it may provide insight into the types of proteins (and therefore pathogens) 
most susceptible to disinfection by photocatalytic oxidation. 
7.4. Conclusions 
This study has elucidated the mechanisms responsible for the inactivation of 
AdV2 and bacteriophage MS2 by photocatalytic oxidation.  AdV2 is inactivated 
relatively slowly and requires significant damage to the general capsid structure for 
inactivation to occur.  MS2 is inactivated relatively quickly, as its protein which interacts 
with host cells is preferentially and rapidly degraded.  The differences in kinetics and 
mechanisms of inactivation of AdV2 and MS2 call into question the suitability of using 
MS2 as a surrogate pathogenic virus in photocatalytic oxidation disinfection studies.  It 
also calls for further study of why the MS2 protein is so susceptible to degradation.  The 
protein characteristics responsible for this susceptibility may provide insight to the 
microorganisms that are most susceptible to inactivation by photocatalytic oxidation.   
It was initially hypothesized that photocatalytic oxidation would be highly 
effective for adenovirus disinfection, since studies of other disinfectants (free chlorine, 
MP UV, ozone) revealed that those causing protein damage lead to the most rapid 
inactivation [10-13, 60].  Our study shows that AdV2 requires major damage to the 
capsid hexon proteins before inactivation occurs by photocatalytic oxidation.  It is 
possible that damaging other proteins, which govern virus – host interactions or regulate 
lifecycle events, is more effective for rapid adenovirus disinfection.  Free chlorine 
damages proteins which govern lifecycle events [12] and MP UV damages both of these 
protein classes [10], which may explain the high efficiency of these processes.  It is not 
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known if ozone causes other damages besides breaking open adenovirus capsids [11].   
Assuming ozone acts solely through hexon damage, the inactivation kinetics may be 
much faster due to the much higher concentration of ozone used during disinfection than 
the concentration of ROS produced by TiO2.  Enhancing the ROS production of TiO2 
through catalyst modifications may overcome this limitation and make photocatalytic 
oxidation more effective for rapid adenovirus inactivation.  Despite this, the kinetics of 
AdV2 inactivation by TiO2 proceed rapidly enough to develop solar based disinfection 
systems for cheap and effective water treatment, as shown in  Chapter 5.  Further study is 
warranted on the mechanism of AdV2 inactivation by photocatalysts which primarily 
produce singlet oxygen (e.g. fullerene based materials) vs. those which primarily produce 
HO• (e.g. TiO2), since singlet oxygen has been shown to be effective for inactivating 
AdV2 (Chapter 6). 
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Chapter 8 
Conclusions 
Photocatalytic oxidation continues to gain attention as an alternative water 
treatment process for a wide variety of contaminants, including viruses.  Adenoviruses in 
particular pose a threat to the water supply due to their resistance to other alternative 
disinfection methods (e.g. UV254, monochloramine).  Photocatalytic oxidation is a good 
candidate adenovirus inactivation, as photocatalysts produce ROS capable of damaging 
proteins, and the most effective adenovirus disinfectants act through damaging proteins.  
To make photocatalytic oxidation competitive with other disinfection processes, the 
catalyst efficiency needs to be increased.  In addition, the susceptibility of adenoviruses 
to this technology and mechanism of inactivation need to be understood to gauge the 
suitability of photocatalytic oxidation. 
Two modifications were developed to improve the virus inactivation kinetics by 
TiO2: silver and silica modifications.  These modifications enhance the kinetics through 
different mechanisms.  Silver increases the production of HO• and increases virus 
 188 
adsorption to a small degree, while silica acts solely through a dramatic increase of virus 
adsorption to the composite catalyst.  As reported in the literature, the typical strategy for 
improving catalyst efficiency is focused around improving ROS production.  However, 
the results obtained with SiO2-TiO2 indicate that improving contaminant adsorption to the 
catalyst is just as an important strategy as improving ROS production.  The improvement 
to the virus inactivation kinetics observed with nAg/TiO2 and SiO2-TiO2 bring 
photocatalytic oxidation closer to being a viable option for water disinfection. Ultimately, 
a composite catalyst displaying both improved ROS production and significantly 
enhanced adsorption properties will be the most effective.   
When using P25 TiO2, the AdV2 inactivation kinetics was much slower than the 
MS2 inactivation kinetics.  Despite this, AdV2 is inactivated in a reasonable time.  The 
silver and silica modifications, which were developed using bacteriophage MS2 as a 
surrogate, affected AdV2 differently.  While nAg/TiO2 initially improved the AdV2 
inactivation kinetics, SiO2-TiO2 showed a reduced efficiency, as AdV2 adsorption was 
not significantly enhanced as compared to MS2.  The result suggests that catalyst 
modifications for increased efficiency need to be developed specifically for the 
contaminant of concern rather than pursuing a “one size fits all” strategy.  The amino-
fullerene material proved highly effective for inactivating AdV2 as compared to TiO2 
based materials.  This shows that 
1
O2 is an adequate ROS for inactivating AdV2 despite 
its lower oxidation potential as compared to HO•.  Since amino-fullerene is activated by 
visible light, this result improves the outlook of developing solar disinfections systems 
for water disinfection.  Solar systems are both a “green” technology and cheap from an 
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energy input standpoint, making them desirable for both developed and developing 
communities. 
The different inactivation mechanisms of AdV2 and MS2 can explain the large 
differences in the inactivation kinetics between these two viruses.  AdV2 requires 
significant damage to the capsid structure and possibly further damage to core proteins 
and DNA before inactivation occurs.  In contrast, the MS2 A protein, which interacts 
with host cells, is rapidly degraded by TiO2 based photocatalytic oxidation.  These results 
suggest that the key to rapid AdV2 inactivation may specifically through damage to 
regulatory core proteins rather than through general protein damage.  Also, the suitability 
of MS2 as a surrogate pathogen in photocatalytic oxidation studies is called into question 
due to its extreme susceptibility to damage at the A protein.  Further study on what makes 
the A protein so susceptible is warranted, as this may provide insight to the types of 
viruses (and other microorganisms) that may be efficiently disinfected by photocatalytic 
oxidation.   The drastic differences in inactivation mechanisms and kinetics between 
AdV2 and MS2 implies that studies of the susceptibility of entire spectrum of water-
borne viruses to photocatalytic oxidation are required before implementing this method in 
water treatment systems.     
Along with identifying a better surrogate virus and identifying what makes the 
MS2 A protein so susceptible, other research is needed to further develop photocatalytic 
oxidation for virus disinfection in drinking water.  An effective modification for TiO2 
materials which dramatically increases the adsorption of AdV2 to the catalyst needs to be 
found.  This would enable the development of a catalyst with improved adsorptive and 
ROS production characteristics, which would lead to great improvement in inactivation 
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kinetics and a reduction in required energy input.  The virus adsorption reaction kinetic 
modeling in Chapter 4 is a good start for describing photocatalytic treatment systems for 
virus inactivation; however, a better model is needed to account for the effects of catalyst 
fouling and competitive adsorption with inactivated viruses and other solution species.  It 
would also be useful to identify the relative effectiveness of HO• and 1O2 for virus 
inactivation.  This requires knowledge of the ROS production rates of each catalyst, and 
also requires knowledge of the interaction properties of the viruses with the catalyst.  
Accomplishing this would help guide the further development of catalyst materials and 
help determine the best materials for implementation in actual treatment systems.  
Finally, more research is needed on the inactivation kinetics of other pathogenic viruses 
commonly found in source waters to identify if any are more resistant than adenoviruses.  
There are few studies on other pathogenic viruses.  Identifying the most resistant will aid 
in setting minimum treatment requirements.    
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ABSTRACT: Silica doped TiO2(P25) nanoparticles are tested for its photocatalytic
activity in the degradation of bacteriophage MS2. During our studies it was found that
treatment of TiO2(P25) in the glass ﬂasks sealed with silicone grease resulted in a
signiﬁcant improvement in the catalytic activity of the titania. Further improvement
can be made by the purposeful reaction of TiO2(P25) with 2.5 wt % silica. This non
in situ method of incorporating silica to TiO2(P25) nanoparticles is tested for their
role in killing of viruses, and it is found that the rate constant is three times higher to
kill viruses with the addition of silica. BETmeasurements show no signiﬁcant change/
increase in the surface area of silica doped TiO2(P25)-SiO2, compared to the undoped
TiO2(P25). Further studies show that the addition of silica increases the adsorption of
viruses onto the catalyst. There is a signiﬁcant diﬀerence in the activity of the
TiO2(P25)-SiO2 samples in the presence of methanol, supporting the notion that hydroxide radical (HO 3 ) is responsible for the
antiviral action. The TiO2(P25)-SiO2 either produces more HO 3 than non silica-doped material, or the enhanced adsorption of
MS2 to the catalyst results in greater exposure to the HO 3 , or both mechanisms may work in concert. XPS studies suggest the
formation of silica species on the surface of the TiO2(P25), while UV-visible spectroscopy suggests that the presence of the silica
results in a small increase in themeasured band gap.We suggest that the enhanced catalytic activity is a result of increased adsorption
and/or band bending which can occur at the interface within TiO2(P25)-SiO2. One result of this would be a reduction of the
electron-hole recombination, the formation of a greater concentration of OH 3 , and hence an improved catalytic performance.
’ INTRODUCTION
The inadequate treatment of drinking water is currently a
signiﬁcant source of pathogen transmission. In 2004 the WHO
estimated that point of use chlorination of drinking water could
prevent 39% of the 1.58 million deaths due to diarrheal disease
attributed to unsafe water supply, sanitation, and poor hygiene.1
While chlorination has proven eﬀective for virus inactivation in
drinking water, it can form dangerous disinfection byproducts,
especially in waters with high organic contents. UV disinfection
processes have been increasingly utilized due to this; however,
some viruses are highly resistant and particle associated viruses
may be shielded from UV radiation.2 Advanced oxidation
processes, and photocatalysis in particular, are alternative disin-
fection strategies that may provide adequate treatment while
overcoming the problems associated with traditional disinfection
methods. Titania is a suitable material for use in water treatment
since it is nontoxic when ingested and stable under environ-
mental conditions.3
Upon excitation and charge separation, TiO2 can generate
several reactive oxygen species (ROS) in the presence of water
and/or oxygen, the most signiﬁcant being the hydroxyl radical
(HO 3 ),
4 which is a powerful oxidant that is typically responsible
for contaminant degradation by catalyzed TiO2.
The synthesis of TiO2 nanoparticles is accomplished by a
range of methods.5 Among the various shapes and forms of TiO2
nanoparticles, TiO2(P25) is the standard commercially available
material with an approximate diameter of 30 nm and an average
surface area of 49 m2/g. The powder consists of 70% anatase
phase and 30% rutile phase.6 Owing to its high surface area and
mixed phase, photocatalytic studies have been performed on
TiO2(P25), including the decomposition of organic pollutants
and materials.7-9
One limitation of TiO2 is its high rate of charge recombination
and thus reduced photocatalytic eﬃciency. Several dopants and
supports have been studied for improving the photocatalytic
eﬃciency of TiO2. During a broader study on the inactivation of
viruses in water systems by TiO2, we discovered that the surface
treatment of TiO2(P25) with a range of silica sources allows for
the simple enhancement of the activity of TiO2(P25) to virus
inactivation.
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’EXPERIMENTAL METHODS
Materials and Characterization. TiO2(P25) (Degussa),
fumed silica, toluene, acetone, and Fe(acac)3 (Sigma-Aldrich)
were obtained from commercial sources and used without
further purification. TiO2(P25) was used without further pur-
ification as previous studies which use TiO2(P25) or have modi-
fied TiO2(P25) for enhanced photocatalysis have used no further
purification of the as received material.10 In this regard we
wanted to ensure an equivalent comparison. Bacteriophage
MS2 (ATCC 15597-B1) and E. coli 15597 (ATCC 15597) were
originally obtained from the ATCC, LB-Lennox media and
sodium bicarbonate were purchased from Fisher Scientific, and
Bacto agar was purchased from Difco Laboratories. Ultrapure
water was obtained from a Barnstead E-Pure system. A Luzchem
LZC-4 V prewarmed photoreactor with a peak emission 350 nm
was used for exposing the flasks to UV radiation for photocata-
lytic tests. A Fisher Scientific (06-662-65) UV radiometer with a
350 nm sensor (NIST traceable) was used. Branauer Emmett
Teller (BET), X-ray photoelectron spectroscopy (XPS), and trans-
mission electron microscopy (TEM) are performed to test for
surface area, chemical make up, and structure of the nanopowder.
TiO2(P25)Mixedwith Silica via Reflux. In a typical reaction,
TiO2(P25) (100 mg, 1.25 mmol) is placed in a round-bottom
flask with the appropriate amount of fumed silica (2.5 mg, 0.042
mmol, 2.5 wt.% of TiO2(P25)). Toluene (40 mL) was added,
and the powders were bath sonicated for 1 min, followed by
reflux with stirring for 24 h. After cooling the sample was vacuum
filtered, and the TiO2(P25)-SiO2 powder was collected and
dispersed in acetone by bath sonication for 20 min. The mixture
is vacuum filtered again and washed with copious amounts of
acetone. For the purposes of NMR studies a 5 wt.% of fumed
silica (20 mg) was added to the TiO2(P25) (400 mg, 5.0 mmol)
and refluxed for 24 h, following workup, the relaxation agent
Fe(acac)3 (4.5 mg, 0.013 mmol) is mixed with acetone (35 mL)
and added. The mixture is stirred and then allowed to dry by
evaporation. For the purposes of UV-vis spectroscopy two
samples of TiO2(P25)-SiO2 are prepared with higher weight
percents of silica (10 wt.% and 20 wt.% of TiO2(P25)).
P25 Mixed with Silica via Stirring. TiO2(P25) (100 mg,
1.25 mmol) is mixed in a round-bottom flask with fumed silica
(2.5 mg, 0.042 mmol, 2.5 wt.% of TiO2(P25)). Toluene (40 mL)
was added and the powders are bath sonicated for 1 min,
followed by stirring for 24 h at room temperature, after which
the mixture is vacuum filtered. The TiO2(P25)-SiO2 powder is
collected and dispersed in acetone by bath sonication for 20 min.
The mixture is vacuum filtered again and washed with copious
amounts of acetone.
Virus Propagation and Enumeration. Bacteriophage MS2
was used as a model pathogen in this study. The virus stock
solution used in the disinfection procedures was obtained by
infecting an incubation of the E. coli host (ATCC 15597) with a
liquid MS2 suspension (ATCC 15597-B1). The mixture was
combined with molten LB-Lennox (3 mL) media containing
0.7% Bacto agar and spread over a Petri dish containing solid LB-
Lennox media, which was incubated overnight after solidifying.
Sterile 0.1 M sodium bicarbonate (Fisher) buffer was then added
to the plate that was then slowly rocked for 3 h. The buffer was
withdrawn and centrifuged at 10,900 G for 15 min at 4 C. The
supernatant was withdrawn, filtered through a 0.22 μM-pore-size
PES syringe filter, and stored at 4 C in a sterile plastic centrifuge
tube. The newly propagated MS2 stock measured 3  1010
plaque forming units per milliliter (PFU/mL) and was used
without further purification.11
MS2 samples were serially diluted in 0.1 M NaHCO3 im-
mediately after being produced and were enumerated by the agar
overlay method.12 Following overnight incubation of the plates,
the resulting plaques were counted and the corresponding PFU/
mL determined. The survival ratios for each sample were
determined and the results averaged from each of the tests.
The kinetic data obtained from the inactivation procedures
were modeled as a pseudo ﬁrst order reaction conforming to
Chick’s Law.
Virus Inactivation Procedure. All items used for these
procedures were supplied as sterile or sterilized by either auto-
clave or filter sterilization. Nanoparticle suspensions were freshly
prepared in ultrapure water prior each test and were dispersed
using an ultrasonic processor (Sonics Vibra-Cell VCX 500) with
cup horn attachment set at 180 W for 30 min. Reactions were
carried out in Pyrex Erlenmeyer flasks. Ultrapure water, virus
stock, and particle suspension were combined in the flasks to
yield a 3 107 PFU/mLMS2 and 100 mg/L catalyst concentra-
tions. Methanol (99.9%, Fisher Spectranalyzed) was added to
yield a final 400 mM concentration to determine the effect of
scavenging HO 3 . After combining the virus stock and water, the
flasks were stirred briefly and sampled to determine the initial
virus concentration. After catalyst addition the flasks were stirred
in the dark for 10 min and sampled to determine the MS2
inactivated through dark/adsorptive processes. The flasks were
then placed into a prewarmed photoreactor and timed samples
were taken. Four 8WUV-A bulbs (Hitachi, peak emission 350 nm)
were arranged in pairs and placed on the left and right sides of the
reactor. The reaction flask was placed over the internal stirring
device during the reaction. A UV radiometer (Control Company,
Friendswood, TX) with a 350 nm sensor (NIST traceable) was
used to measure the UV intensity in the reactor prior to each test.
The total intensity in the reactor measured 2.5 mW/cm2.
’RESULTS AND DISCUSSION
Using P25 Titania Refluxed in Toluene for the Deactiva-
tion of Bacteriophage. As part of our broader study to under-
stand the role of TiO2 in the inactivation of MS2 viruses,
13 we
made some TiO2 powders to compare the catalytic activities of
the lab made TiO2 powder and TiO2(P25). Surprisingly, as may
be seen from Figure 1, there is a marked difference in the
inactivation of MS2 viruses using as received TiO2(P25) and
the sample that had been refluxed in toluene. Our prior experi-
ence with the extraction of silica (SiO2) and low molecular
weight silicon oxide species from commercial Dow Corning high
vacuum silicon grease14-16 suggested that a possible contami-
nant of silicon could result in the enhanced activity. XPS mea-
surements indicated that any silicon species would be less that
the detection limit, and TEM and SEM show no alteration in the
morphology of the TiO2(P25) particles. However, repeating the
toluene reflux experiment using a non silicone grease (Krytox)
for the glassware resulted in no significant alteration in the activity
of the TiO2(P25) (Figure 2). This suggests that the effect is due to
the addition of a silicon-containing species and not the toluene
reflux. Therefore, the mixing of silica from the grease with the P25
powder had pronounced effects on deactivation of viruses.
Doping TiO2 with metal oxides (e.g., SiO2 or ZrO2) has been
used to enhance some of the properties of titania, such as band
gap, photocatalysis, surface hydrophilicity, surface acidity, quantum
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eﬀects, and surface area. Silica doped with TiO2 has many potential
applications, and the interactions have been studied extensively in
the areas of quantum-sized eﬀects on photocatalysis and photo
induced hydrophilicity.8,17,18 Diﬀerentmethods of incorporation of
TiO2 doped with silica have been employed which include sol-gel
synthesis, hydrosol synthesis, coprecipitation, ﬂame hydrolysis, and
physical mixing; however, in each case, the nanoparticles were
made in the presence of silica, i.e., an in situ process, which helps in
both doping and controlling the size of the TiO2 nanoparticles. In
contrast, the pronounced eﬀects we have observed suggest that the
activity of TiO2(P25) can be signiﬁcantly improved by a simple and
scalable surface reaction with a silicon species rather than in situ
incorporation during synthesis.
Using P25 TitaniaMixedwith Silica. Given the pronounced
effect that the silicone grease had on TiO2(P25) (Figure 1), we
decided to incorporate fumed silica with TiO2(P25) to test its
effects on virus inactivation. Unlike previous studies8,19-23 our
approach was to physically mix a suitable silica source with as-
received TiO2(P25) nanoparticles. Previous studies
24-26 suggested
that fumed silica would be an appropriate source.
Before irradiation, the viruses and catalysts are mixed for 10 min
in the dark to allow for adsorption to occur. The observed
inactivation of the virus during this time is attributed to adsorption.
Figure 3 shows that the dark inactivation of MS2 to TiO2(P25)-
SiO2 is much greater than to untreated TiO2(P25) or TiO2(P25)
reﬂuxed in toluene (non-Si grease). Only 31% and 47% of theMS2
remained infective after the addition of the reﬂuxed or stirred
TiO2(P25)-SiO2, respectively. 88% of the MS2 remained infective
after mixing with TiO2(P25) that was either untreated or reﬂuxed
in toluene (non-Si grease). This suggests that the addition of silica
is responsible for the enhanced adsorption and that any residual
toluene remaining on the catalyst is not eﬀecting adsorption/dark
inactivation.
The photo catalytic inactivation of MS2 is signiﬁcantly en-
hanced by the addition of silica to TiO2(P25). The data were
modeled using the Chick-Watson equation (eq 1), whereN is the
titer of infective viruses at time t, N0 is the titer of infective viruses
after adsorption but before irradiation, k is the pseudoﬁrst order
rate constant (min-1), and t is the time in minutes
LOGðN=N0Þ ¼ -kt ð1Þ
Figure 4 shows that both stirred and reﬂuxed TiO2(P25)-SiO2
materials outperformed TiO2(P25) powder. The rate constants
for the stirred and reﬂuxed TiO2(P25)-SiO2 materials was 2.8
and 3.1 min-1, respectively, which are approximately 3 times
greater than that for TiO2(P25) (0.95 min
-1). The degradation
results show that both TiO2(P25)-SiO2 (stirred) and TiO2-
(P25)-SiO2 (reﬂuxed) perform similarly in inactivating the
viruses. The performance of the TiO2(P25)-SiO2 (stirred)
sample being similar to the TiO2(P25)-SiO2 (reﬂuxed) sample
was surprising, given that there was no heat involved during the
stirring which could form chemical bonds of SiO2 with TiO2 and
lead to enhanced performance. Rate constants and correlation
coeﬃcients are shown for all materials in Table 1. UV-A radiation
in the absence of catalyst did not inactivate the viruses over the
time course of the experiments in this study.
The TEM images of stirred TiO2(P25)-SiO2 do not appear
signiﬁcantly changed from as-received TiO2(P25). In a similar
manner SEM images appear unchanged. Nevertheless, XPS
analysis performed on these powders conﬁrms the presence of
silicon (Table 2). The slightly high oxygen ratio to silicon and
titanium is possibly due to both oxygen adsorbed from air and the
small percent error present with XPS. The relatively high silicon
content as determined by XPS (4.3%) as compared to the
amount reacted (2.5 wt %) is consistent with the surface status
of the silica. XPS conﬁrmed the formation of chemical Si-O-Ti
bond for the reﬂuxed sample. The O1s spectra of reﬂuxed
TiO2(P25)-SiO2 (Figure 5) show additional peaks that may be
Figure 1. MS2 inactivation by untreated TiO2(P25) (9, R
2 = 0.935)
and treated by reﬂuxing in toluene with silicone grease sealing the glass
apparatus (0, R2 = 0.971).
Figure 2. MS2 inactivation by untreated TiO2(P25) (9, R
2 = 0.935)
and treated by reﬂuxing in toluene with nonsilicone (hydrocarbon-
based) grease sealing the glass apparatus (0, R2 = 0.917).
Figure 3. Adsorptive removal/dark inactivation of MS2 by TiO2(P25)
(green), TiO2(P25) reﬂuxing in toluene with nonsilicone grease (gold),
and TiO2(P25)-SiO2 formed by stirring (red) or reﬂuxing (blue).
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assigned to Si-O-Si and Si-O-Ti units that are not present in
the as-received TiO2(P25). The XPS results for the stirred
TiO2(P25)-SiO2 showed the presence of Si-O-Si and Ti-O-
Ti bonds, conﬁrming no chemical bonds are formed. In addition,
the 29Si MAS NMR spectrum of a TiO2(P25) sample reﬂuxed
with 5 wt % fumed silica shows a broad signal typical of
silica; however, 29Si NMR cannot diﬀerentiate Si-O-Si versus
Si-O-Ti.
Improvement in silica-doped TiO2 photocatalysis has been
attributed to quantum conﬁnement, increase in surface area, increase
in surface acid sites, control in the grain boundary growth of the
nanoparticles, and enhanced adsorption due to the presence of
silica.8,19-23 In our system,we can rule out anyquantumeﬀects as the
TiO2(P25) nanoparticles are purchased and not incorporated with
silica in situ. We can also rule out any increase in the surface area as a
result of the reactionwith the fumed silica. It is clear fromTable 3 that
there is no signiﬁcant diﬀerence in the surface area of TiO2(P25)
compared to samples of TiO2(P25)-SiO2, as a 25% change in the
BET surface area is within the accepted error range. TheTiO2(P25)-
SiO2(2.5%) stirred sample shows a slightly higher surface area
(78.79 m2/g); however, this increase does not lead to a marked
improvement or change in catalysis of TiO2(P25)-SiO2(2.5%)
stirred sample compared to the TiO2(P25)-SiO2(2.5%) reﬂuxed
sample (surface area 43.95 m2/g). Therefore, we believe that this
increase in the surface area is because of the adsorbed silica onto the
surface of the TiO2(P25) nanoparticles. There are two possible
alternative explanations for the enhanced photocatalytic inactivation
of MS2 virus by the TiO2(P25)-SiO2 used in this study: enhanced
adsorption characteristics and/or band gap changes.
Previous studies have demonstrated that silicon-induced en-
hanced adsorption of substrate to TiO2-SiO2 hybrid particles
is responsible for the increase in photocatalytic activity.20,21 In
this regard, a similar argument would suggest that the enhanced
virus inactivation that we observe with the TiO2(P25)-SiO2
material is a result of increased exposure to reactive oxygen
species on the catalyst surface resulting from the increased
adsorption. Simple alcohols such as methanol are capable of
scavenging hydroxyl free radical27 and as such mostly eliminates
the virucidal capability of the catalyst. As shown in Figure 6 there
is a signiﬁcant diﬀerence in the activity of the TiO2(P25)-SiO2
samples in the presence of methanol, supporting the notion that
the generated HO 3 is responsible for the antiviral action of this
material. Thus, our TiO2(P25)-SiO2 either produces more HO 3
than non silica-doped material, or the enhanced adsorption of
MS2 to the catalyst results in greater exposure to the HO 3 , or
both mechanisms may work in concert.
Silica doping of TiO2 in this study has been found to aﬀect the
catalyst band gap. The UV-vis absorption curves for TiO2(P25)
and TiO2(P25)-SiO2 formed with diﬀering amounts of fumed
silica are shown in Figure 7. While it is diﬃcult to see the blue
shift between the TiO2(P25) curve and the TiO2(P25)-SiO2(2.5
wt.%) and TiO2(P25)-SiO2(10 wt.%), Figure 7 clearly shows a
curve shift for TiO2(P25)-SiO2(20 wt.%). The band gap energies
are calculated using eq 2 and shown in Table 4. It is diﬃcult to see
the blue shift between the TiO2(P25) curve and the TiO2(P25)-
SiO2(2.5 wt.%) and TiO2(P25)-SiO2(10 wt.%); therefore, the
derivative of the spectrum is analyzed, and the λ value is deﬁned as
the wavelength where the absorption peak is rising most steeply
EðeVÞ ¼ 1239:95=λðnmÞ ð2Þ
Figure 4. Photocatalytic inactivation of MS2 by TiO2(P25) (green,
R2 = 0.935), TiO2(P25) reﬂuxing in toluene with nonsilicone grease
(gold, R2 = 0.917), and TiO2(P25)-SiO2 formed by stirring (red, R
2 =
0.907) or reﬂuxing (blue, R2 = 0.970).
Table 1. First Order Rate Constants for MS2 Inactivation
[Log(N/N0) = -kt]
material k (min-1) r2
TiO2(P25) 0.95 0.92
TiO2(P25) reﬂuxed w/Si grease 2.4 0.93
TiO2(P25) reﬂuxed w/non-Si grease 1.1 0.92
TiO2(P25)-SiO2 stirred 2.8 0.89
TiO2(P25)-SiO2 reﬂuxed 3.1 0.97
Table 2. XPS Analysis
sample Ti (%) O (%) Si (%)
TiO2(P25) 32.5 67.5 -
TiO2(P25)-SiO2(2.5%) stirred 26.7 69.0 4.3
TiO2(P25)-SiO2(2.5%) reﬂuxed w/non-Si grease 26.0 69.7 4.3
Figure 5. O1s X-ray photoelectron spectrum for TiO2(P25)-SiO2-
(2.5%) formed by reﬂuxing TiO2(P25) in toluene in the presence of
silica.
Table 3. BET Surface Area Measurements
sample surface area (m2/g)
TiO2(P25) 49.08
SiO2 (fumed) 239.21
TiO2(P25)-SiO2(2.5%) reﬂuxed with Si grease 37.73
TiO2(P25)-SiO2(2.5%) reﬂuxed without Si grease 43.94
TiO2(P25)-SiO2(2.5%) stirred 78.79
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Anderson and Bard have suggested that the blue shift or
increase in band gap energy is attributed to quantum size eﬀects
in conjunction with the interface interactions of TiO2 formation in
the presence of silica. They suggested that the presence of silica
during the formation of the nanoparticles hinders the growth of the
TiO2 nanoparticle; thus, this smaller size TiO2 nanoparticle creates
a quantum eﬀect and an increase in band gap energy.22,23However,
since in our studies the TiO2(P25) is preformed and the particle
size is unchanged, the observed eﬀects cannot be due to silica
control over titania particle size.
An alternative mechanism was suggested in which a change in
the band gap energy is caused by the lowering of the valence band
and a raising of the conduction band.20 The result would be the
reduction of the electron-hole recombination when TiO2 is
illuminated with UV light. We note that in these studies the
synthesis was also an in situ doping of silica that was thought to
occur when the titania nanoparticle is formed. In the present case,
the band gap energy certainly appears to be changing or slowly
increasing, which would reduce the electron-hole recombination.
One explanation for this band gap increase may be due to the band
bending which can occur at the interface of TiO2(P25)-SiO2. When
the SiO2 present on the surface of TiO2(P25) comes into contact
with TiO2(P25), a potential is created across the interface as the
Fermi levels of both compounds try to equilibrate; this potential
across the interface leads to band bending. This band bending may
reduce the electron-hole recombination, thus allowing for eﬃcient
catalysis in our system. This eﬀect occurs on preformed TiO2(P25)
nanoparticles that are subsequently chemically functionalized.28,29 In
our study, the slow change in band gap, along with other factors
mentioned earlier, leads to an eﬃcient photocatalysis, without having
to dope TiO2 nanoparticles in situ with silicon.
We have demonstrated that improved photocatalytic eﬃciency
of commercial TiO2(P25) for virus inactivation is achieved by the
addition of fumed silica, making it unnecessary to make TiO2-
SiO2 nanoparticles via an in situ process. The enhanced photo-
catalysis observed with the TiO2(P25)-SiO2 in this study is likely
due to the greater adsorptive capacity ofMS2 to the catalyst and/or
changes in the material electronic properties, i.e., increase in band
gap. The increased activity of this catalyst for virus inactivation
makes it highly attractive alternative for use as a disinfectant. We
ﬁnally note that our results oﬀer an alternative view of previous
“hybrid” TiO2-SiO2 systems.8,19-23
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Single walled carbon nanotubes (SWNTs) are used as scaﬀolds to grow titania (TiO2) under
a range of diﬀerent growth conditions. It is found that the titania growth occurring on SWNTs
is signiﬁcantly diﬀerent in the presence of silica; this is contrary to prior reports, the important
controlling factor for obtaining good coverage is not ‘‘nanoscopic HF bubbles’’. The silica is
either sourced from the reaction vessel if made from glass or may be added in the form of fumed
silica: the greater the silicon content the greater the coverage of the SWNT. The adsorption and
photocatalysis of organic Congo red dye on these hybrid titania covered SWNT materials are
studied; while the adsorption of the dye onto the catalyst may be high, it is only in certain cases
wherein it results in superior catalytic performance. The synergy between TiO2 and SWNTs with
regard to photocatalysis is not always positive. The addition of silica promotes the complete
coating of SWNT with TiO2, the resulting materials show very high absorption of Congo red but
essentially no catalytic activity. In order to promote catalytic activity, it is necessary to have less
full coverage of the SWNTs and the smallest average particle size of the grown titania. Intimate
contact between the SWNT and the TiO2 is needed (rather than a physical mixture) for any
catalysis, and the electronic properties of the SWNTs are clearly important since multiwalled
carbon nanotubes appear to have little eﬀect on altering the photocatalytic activity.
Introduction
The use of titania (TiO2) in general, and TiO2 nanoparticles in
particular, as a photocatalyst is extensively documented,1,2 and
the theory behind their activity is relatively well understood.3
Recently, interest has been focused upon their use asmaterials for
cleaning up water and air pollutants.4,5 As such, it is desirable to
develop catalysts of greater activity and potential speciﬁcity, and
to meet this goal we have undertaken an investigation of
composite or hybrid structures. As the ﬁrst part of this study we
have shown the diﬀerences in the growth of TiO2 on single walled
carbon nanotubes (SWNTs). More recently, we have reported
that the inclusion of small quantities of silica (SiO2) into the TiO2
nanoparticle results in a signiﬁcant increase in catalytic activity.6
The highly hydrophobic nature of carbon nanotubes
(CNTs) coupled with their nanostructure, and the potential
for their electronic activity (i.e., as a semiconductor), makes
them a potentially important catalyst substrate.7,8 This idea
has prompted several studies into methods for growing or
mixing TiO2 with SWNTs, multiwalled carbon nanotubes
(MWNTs) and graphene,9–12 including studies of the
photocatalytic activity of the TiO2–CNT hybrid on the
degradation of organic dyes and pollutants.13 Previous work
has shown that the presence of SWNTs or MWNTs in a TiO2
matrix helps in increasing surface area of the TiO2 allowing for
more organic pollutants to come into contact with the surface
of the TiO2 particle and thus increase the rate of reaction. In
addition, the presence of the SWNT or MWNT allows for the
transfer of the photoexcited electron from the TiO2 to the
nanotube, thus slowing down the electron–hole recombination
and making photocatalysis more eﬃcient.5,14
Given our experience with coating carbon nanotubes
(CNTs) with oxides,15–18 chalcogenides,19 and carbonates,20
we are interested in determining whether single walled carbon
nanotubes (SWNTs) can act as a scaﬀold for the TiO2 particle
growth and thus create an intimate hybrid material. In
addition, we are interested in whether there is any synergistic
eﬀect between the SWNT and TiO2 with regard to catalytic
activity. Our initial studies are based upon developing the
methodology for growing TiO2–SWNT hybrids, and
determining their activity to the photocatalytic degradation
of a model dye system: Congo red.
Experimental
Materials and characterization
P25-TiO2 (Degussa), fumed silica (14 nm diameter, Sigma-
Aldrich), titanium tetraﬂuoride (TiF4) (Sigma-Aldrich), EtOH
a Richard E. Smalley Institute for Nanoscale Science and Technology,
Rice University, Houston, TX 77005, USA
bCenter for Biological and Environmental Nanotechnology, Rice
University, Houston, TX 77005, USA
cDepartment of Chemistry, Rice University, Houston, TX 77005,
USA. E-mail: arb@rice.edu; Tel: +1 713 348 5610
dDepartment of Civil and Environmental Engineering, Rice University,
Houston, TX 77005, USA
eDepartment of Mechanical Engineering and Materials Science, Rice
University, Houston, TX 77005, USA
w Electronic supplementary information (ESI) available: TEM images
of TiO2-SWNT-PP-21 and TiO2-SWNT-glass-21. See DOI: 10.1039/
c0nj00604a
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(Decon Labs), MeOH (Decon Labs), Congo red dye (MP
Biomedicals, 85%), and MWNTs (Nanotech Innovations)
were obtained from commercial sources and used without
further puriﬁcation. HiPco SWNTs were grown at Rice
University and were received as puriﬁed (96–97% puriﬁed,
Batch HPR 181.1). PES syringe ﬁlters with a 0.45 mM-pore-size
(Whatman) were pre-rinsed by ﬁltering with DI water and
purging with air. Unless stated all reactions were carried out in
Nalgenes polypropylene (PP) labware.
X-Ray diﬀraction (XRD) measurements were performed on
a Rigaku D/Max Ultima II emitting Cu-Ka radiation. X-Ray
photoelectron spectroscopy (XPS) data were collected using a
PHI Quantera X-ray photoelectron microscope. Transmission
electron microscopy (TEM) images are obtained using a JEM
FasTEM multipurpose ultrahigh resolution analytical
microscope.
Photocatalytic reactions were carried out using a pre-
stabilized Luzchem LZC-4V photoreactor (Luzchem
Research, Inc., Ottawa, ON, Canada) ﬁtted with ten 8W
UV-A (315–400 nm) lamps with peak emission at 350 nm
(Hitachi). The total light intensity used in all experiments was
6.3 mW cm2 as determined by a UV radiometer (Control
Company, Friendswood, TX) with a NIST traceable 350 nm
photosensor. The dye concentration was measured by
determining the absorbance at 497.6 nM with a UV-visible
spectrophotometer (Shimadzu UV-2550).
To indicate the diﬀerent reaction vessels and reaction times,
the following format is used to describe each sample:
TiO2–SWNT–glass-21 indicates a material prepared in a
glass beaker over a reaction time of 21 h.
TiO2–SWNT–PP. SWNTs (200 mg) and a solution of TiF4
(0.04 M in DI H2O) were placed in a polypropylene (PP)
beaker. The beaker was covered with Paraﬁlm secured with a
rubber band, and a syringe is used to make a few pinholes to
allow for any vapor to escape during heating. The beaker was
placed in an oil bath and the mixture heated to 60 1C. After the
allotted reaction time (21 or 48 h), the reaction mixture was
centrifuged for 15 min at 4400 rpm. After discarding the
supernatant, the solid product was washed three times with
EtOH : MeOH (90 mL, 4 : 1). The composition of the
TiO2–SWNT–PP reacted for 21 h (i.e., TiO2–SWNT–PP-21)
was determined by XPS (Table 1).
TiO2–SWNT–glass. Prepared using the same procedure as
TiO2–SWNT–PP, except for the use of a glass beaker, and
using reaction times of 10 or 21 h. The composition of the
TiO2–SWNT–glass reacted for 21 h (i.e., TiO2–SWNT–glass-
21) was determined by XPS (Table 1).
TiO2–SWNT–SiO2. SWNTs (200 mg) and a solution of
TiF4 (0.04 M in DI H2O) were placed in a polypropylene
beaker. To this mixture, fumed silica (13 mg, 1 wt% of TiF4)
was added. The beaker was covered with paraﬁlm secured with
a rubber band, and a few pinholes added to allow vapor to
escape. The beaker was placed in an oil bath (60 1C) and the
reaction mixture was stirred for 21 h. The reaction mixture was
centrifuged for 15 min at 4400 rpm. After discarding the
supernatant, the solid product was washed three times with
EtOH : MeOH (90 mL, 4 : 1). The composition of
TiO2–SWNT–SiO2-21 was determined by XPS (Table 1).
Photocatalysis and adsorption
Photocatalytic activity of nanomaterials was investigated using
Congo red dye as a model pollutant for degradation under UV
irradiation. The particles were suspended in ultrapure water
(pH 4) in a 50 mL Pyrex beaker and dispersed by probe
sonication. An aliquot of Congo red stock solution (1 g L1
in H2O) was then added to achieve a dye concentration of
150 mg L1. The beaker was covered and magnetically stirred
to achieve adsorption equilibrium. The beaker containing the
reaction mixture was placed on a magnetic stir plate in the
photoreactor and samples were taken at timed intervals. The
catalyst was separated from the dye solution by centrifugation
and ﬁltration of the supernatant, followed by the measurement
of the dye concentration.
TiO2–SWNT–PP nanoparticles were tested at 500 mg L
1.
After being combined with the Congo red, the reaction mixture
was stirred in the dark for 1 h before being placed in the
photoreactor. As a comparison P25-TiO2 was tested at 134 mg
L1, which corresponds to the TiO2 content of approximately
5% on the coated tubes.
TiO2–SWNT–glass-10 was initially tested for Congo red
adsorption at 500 mg L1 catalyst concentration. Subsequent
adsorption and photocatalytic data using this material and the
TiO2–SWNT–glass-10 material were tested at 250 mg L
1
catalyst concentration. P25-TiO2 was tested at 69 mg L
1,
which corresponds to the TiO2 content of approximately 5%
on the coated tubes.
P25-TiO2 and SWNTs were tested at 250 mg L
1 when
determining the amount of dye removed by adsorption only on
each material. After being combined with the dye, they were
stirred in the dark for 21 hours before measuring the dye
concentration in solution.
A pre-sonicated suspension of P25-TiO2 and either SWNTs
or MWNTs were combined and added to a Congo red solution
to achieve a ﬁnal total catalyst concentration of 250 mg L1
(69 mg L1 or 5% Ti on 250 mg composite), 181 mg L1
SWNTs (or MWNTs) and 150 mg L1 Congo red. The
mixtures were stirred in the dark for 21 hours to achieve
adsorption equilibrium before beginning the photocatalytic
reaction.
Results and discussion
Growth of TiO2 on SWNTs
Our initial starting point was to replicate the synthesis of Zeng
and Liu14 in coating SWNTs with TiO2. The formation of TiO2
is based upon the hydrolysis of titanium tetraﬂuoride (eqn (1)).
TiF4 + 2 H2O- TiO2 + 4 HF (1)
Table 1 XPS analysis (%) for TiO2-coated SWNTs
Sample C O Ti Si
TiO2–SWNT–PP-21 79.4 15.1 5.1 —
TiO2–SWNT–glass-21 78.8 16.5 4.7 o0.1
TiO2–SWNT–SiO2-21 68.4 23.7 7.7 0.2
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Unsurfacted puriﬁed SWNTs were placed in a polypropylene
(PP) reaction vessel in DI water with TiF4. However, TEM
analysis of TiO2 growth on SWNTs for 21 h. Fig. 1a shows
incomplete growth with signiﬁcant portions of the SWNTs still
exposed. This is very diﬀerent from the growth achieved
previously,14 where they reported complete coverage of the
SWNT with TiO2 in only 20 h. In fact, in our hands the
reaction needed to proceed for 48 h in order to obtain complete
coverage of the SWNTs by TiO2 (see Fig. 1b).
Upon further investigation, we discovered that while, based
upon our prior experiences with HF generating reactions,18 we
had used a polypropylene reaction vessel, Zeng and Liu14 had
used a glass beaker. We therefore repeated the reaction using a
glass beaker. As may be seen from the TEM images in Fig. 2 it
takes almost half the time to achieve the TiO2 coverage on
SWNTs using a glass beaker, compared to that of a
polypropylene beaker (i.e., Fig. 1a versus Fig. 2a).
The well-connected growth of TiO2 on the SWNTs was
previously attributed to the formation of nanoscopic HF
bubbles that were trapped onto the TiO2 crystallites.
14 It was
proposed that this solid–gas interface prevented the TiO2
crystallites from growing above a certain size by terminating
the supply of TiF4 to the crystal surface. As a consequence
new growth must take place at any available solid–liquid
interface (i.e., the uncoated SWNT surface) resulting in a
connected mesocrystalline growth. Based upon our results of
growth in a polypropylene beaker this explanation cannot
be true, since the same nanoscopic HF bubbles would be
present in our system. An alternative explanation must be
developed.
Fig. 1 TEM image of (a) TiO2–SWNT–PP-21 (scale= 50 nm) and (b)
TiO2–SWNT–PP-48 (scale = 0.1 mm).
Fig. 2 TEM images of (a) TiO2–SWNT–glass-21 (scale = 100 nm)
and (b) TiO2–SWNT–glass-10 (scale = 50 nm).
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XPS analysis of the TiO2–SWNT–glass samples shows the
presence of detectable amounts of silicon (o1%) not observed
in the TiO2–SWNT–PP samples. Since it is well known that HF
will etch silicon and silica glass,21 and based on eqn (1), it is
clear that the HF in the TiO2 growth solution could be
responsible for the inclusion of silicon into the
TiO2–SWNT–glass samples. Previous studies on TiO2
nanoparticles doped by metals or metal oxides have shown a
change in the growth of the TiO2 crystals. For example, the
addition of niobium to a TiO2 growth solution inhibits the
process of nucleation and growth of TiO2 crystallites.
22 Other
studies have shown that the presence of SiO2 in the growth
solution decreases the size of the TiO2 nanoparticle by
reducing the nucleation sites on the grain boundary, thus
preventing the TiO2 particles from aggregating and growing
too big.23–25 It has also previously been described that the
presence of SiO2 in a TiO2 nanoparticle creates Lewis acid
sites,26 which under heat treatment or irradiation form
hydroxyl radicals, which slow the growth of the TiO2 grain.
27
Based upon these results we propose that the formation of
well-connected growth of TiO2 on the SWNTs is not a function
of ‘‘nanoscopic HF bubbles’’, but the incorporation of small
quantities of silica into the TiO2 as a consequence of the
etching of the glass container during the reaction. Although
XPS shows a very small presence of silicon (Table 1), a high
resolution XPS of the TiO2–SWNT–glass sample shows that
silicon is present in the form of silica or silica bound to TiO2
(Table 2). This silica is involved in limiting the growth of the
TiO2 crystals, and hence promoting the coverage of the SWNT
by TiO2.
In order to further understand the role of SiO2 in the growth
of TiO2 on SWNTs, we added fumed SiO2 into the TiO2
growth solution. The TEM image of the resulting material
(TiO2–SWNT–SiO2) is shown in Fig. 3. As can be observed,
the SWNT substrate is covered with smaller but many more
TiO2 particles, giving complete coverage of the SWNT. This is
in contrast to the image shown in Fig. 1a. In fact, the coverage
for the reaction with added SiO2 is even greater than an
equivalent reaction time in glass. Thus, for any given set of
reaction conditions, the greater the silicon content (Table 1)
the greater the coverage of the SWNT by TiO2. We believe this
demonstrates the idea that the silica plays an important part in
controlling the relative rates of grain growth and new growth
of TiO2 on SWNTs. A high resolution XPS performed on this
sample shows a similar chemical makeup and presence of silica
and silica bound to TiO2 as the TiO2–SWNT–glass sample
(Table 3). Therefore, in both TiO2–SWNT–glass and
TiO2–SWNT–SiO2 samples, the mechanism by which silica is
incorporated into the TiO2 nanocrystals appears to be similar.
The only diﬀerence between the two samples is in the total
amount of silica present in the growth solution.
Fig. 4 shows the XRD data for the diﬀerent phases of TiO2
formed on the TiO2–SWNT–polypropylene,
TiO2–SWNT–glass, and TiO2–SWNT–SiO2 as compared to
P25-TiO2, a commercially available TiO2 nanoparticle of
known high photoreactivity.28 The XRD data conﬁrm the
presence and formation of both anatase and rutile phases for
the as grown TiO2. However, it is interesting to note that the
anatase : rutile ratio is dependant on the amount of silica
present. The TiO2 for TiO2–SWNT–PP and
TiO2–SWNT–glass is slightly richer in anatase than found in
P25-TiO2, while TiO2–SWNT–SiO2 has much less anatase
than found in P25-TiO2.
Adsorption of Congo red
Congo red (Fig. 5) is a polycyclic aromatic hydrocarbon dye
that is commonly used as a model for photocatalytic
Table 2 High resolution Si XPS of the TiO2–SWNT–glass-21 sample
Binding energy/eV % Chemical composition
101.64 30.95 (TiO2)x(SiO2)y
102.2 40.53 (TiO2)x(SiO2)y
103.0 28.53 SiO2
Fig. 3 TEM image of TiO2–SWNT–SiO2-21 (scale = 0.2 mm).
Table 3 High resolution Si XPS of the TiO2–SWNT–SiO2 sample
Binding energy/eV % Chemical composition
101.4 30.28 (TiO2)x(SiO2)y
102.1 38.92 (TiO2)x(SiO2)y
103.1 30.80 SiO2
Fig. 4 XRD showing the anatase (A) and rutile (R) phases of
commercial P25-TiO2 as compared to TiO2–SWNT–PP-21,
TiO2–SWNT–glass-21, and TiO2–SWNT–SiO2-21.
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degradation studies. We have previously found that in
studying the degradation of Congo red it is important to
determine the adsorption in the dark to provide an accurate
initial concentration (C0) for the photocatalytic measurements.
This is particularly important given that the polycyclic
aromatic structure of Congo red promotes strong p–p
stacking interaction with SWNTs, giving rise to high
adsorptive removal. Thus, the percent removal of Congo red
after 1 hour dark stirring was measured using an initial dye
concentration 150 mg L1 and a catalyst concentration of
either 500 mg L1 or 250 mg L1.
As is shown in Fig. 6 TiO2–SWNT–PP-21 and
TiO2–SWNT–PP-48 both show signiﬁcantly greater
adsorption as compared to P25-TiO2, with the greatest
adsorption being associated with the lower coverage of the
SWNT. The low coverage TiO2–SWNT–glass-10 shows almost
total adsorption (Fig. 6) as do unfunctionalized SWNTs.
Given the huge adsorption of the dye on TiO2–SWNT–glass-
10 sample using 500 mg L1 catalyst, it would be impossible to
test for catalysis as all the dye would be adsorbed onto the
catalyst, making it diﬃcult to measure the degradation of
the dye left in solution. Therefore, a low concentration
(250 mg L1) was used for further tests on the
TiO2–SWNT–glass samples and the raw SWNTs (Fig. 7). At
a 250 mg L1 catalyst concentration, the TiO2–SWNT–glass
materials still had signiﬁcant adsorption of Congo red; however,
once again the lower adsorption for TiO2–SWNT–glass-48 as
compared to TiO2–SWNT–glass-21 indicates that complete
coverage with TiO2 can reduce the absorbance capacity.
Photocatalytic decomposition of Congo red
The photocatalytic decomposition of Congo red was studied
for the diﬀerent hybrid materials in comparison with P25-
TiO2. In each case the samples were stirred in the dark (1 h for
TiO2–SWNT–PP samples and 21 h for TiO2–SWNT–glass
samples), and the initial concentration is deﬁned as C0,
which is the concentration after dark stirring. The C/C0
values were determined as a function of irradiation time.
A comparison of the photocatalytic activity of
TiO2–SWNT–PP-21 and TiO2–SWNT–PP-48 is shown in
Fig. 8. The TiO2–SWNT–PP-21 material showed better
catalysis than the TiO2–SWNT–PP-48 material, indicating
that complete coverage of the tubes by TiO2 does not result
in enhanced photocatalysis. For the ﬁrst 80 min of the reaction
time, the catalytic results for the TiO2–SWNT–PP-21 sample
were similar to that of P25-TiO2 nanoparticles tested at the
equivalent TiO2 concentration (134 mg L
1). However, after
80 min the dye degradation by TiO2–SWNT–PP-21 material
proceeded faster than the degradation by P25-TiO2, i.e., 82%
of the dye was removed from solution by the TiO2–SWNT–
PP-21 versus only 54% removed by P25-TiO2 after 165 min of
reaction time. We propose that this increase in activity with
time is associated with the strong binding of the Congo red
reagent to the exposed SWNT.
While the TiO2–SWNT–glass was found to strongly adsorb
Congo red from solution, the material possessed limited to no
photocatalytic activity for this particular dye (Fig. 9), whereas
P25-TiO2 tested as a comparison was found to degrade 34% of
Fig. 5 Chemical structure of Congo red dye.
Fig. 6 Percent removal of Congo red after 1 hour dark stirring by
P25-TiO2, TiO2–SWNTs–PP-21 (PP-21), TiO2–SWNTs–PP-48 (PP-48),
and TiO2–SWNTs–glass-10 (glass-10) with a catalyst concentration of
500 mg L1 and an initial dye concentration 250 mg L1.
Fig. 7 Percent removal of Congo red after 1 hour dark stirring by
P25-TiO2, SWNTs, TiO2–SWNTs–glass-10 (glass-10), and
TiO2–SWNTs–glass-21 (glass-21) with a catalyst concentration of
250 mg L1 and an initial dye concentration 150 mg L1.
Fig. 8 Normalized photocatalytic degradation of Congo red by
TiO2–SWNTs–PP-21 (&), TiO2–SWNTs–PP-48 (m) and P25-TiO2
(’). C0 is the dye concentration after dark stirring.
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the dye after 220 min irradiation. It is especially surprising that
the materials made in glass demonstrate no photocatalytic
activity, especially when XRD analysis conﬁrms that the
TiO2 exists mostly as anatase and rutile, which are both
photoactive crystalline phases. This result is especially
surprising when considering that several other studies have
shown enhanced catalysis by TiO2 when coated onto
CNTs.29–32 Furthermore, studies have shown that doping
TiO2 nanoparticles with silicon or zirconium enhances the
photocatalysis.33 It is possible that, with such strong
absorbance to the catalyst, the dye was being degraded on
the catalyst surface and not desorbed back into solution. In
this way the free dye concentration would not change in
solution but the concentration on the particle surface would
decrease.
Since the SWNTs appeared to improve TiO2 activity in one
case (TiO2–SWNT–PP-21) and decrease the TiO2 activity in all
other cases, we decided to investigate whether the presence of
SWNTs or MWNTs in solution would hinder or enhance the
photocatalytic removal of Congo red from solution by P25-
TiO2. As shown in Fig. 10, the presence of SWNTs was found
to eliminate the photocatalytic activity of P25-TiO2, while the
presence of MWNTs slightly slowed the reaction as compared
to TiO2 used without any CNTs. The small reduction when
MWNTs are used may simply be due to a shielding of the UV
radiation by theMWNTs, while the SWNTs likely inhibit TiO2
photocatalysis by some other mechanism since the result is so
much worse than with MWNTs.
Conclusion
We have shown that SWNTs do act as templates for the growth
of TiO2. Unlike previously suggested, the important controlling
factor for obtaining good coverage is not ‘‘nanoscopic HF
bubbles’’, but rather the presence of silica. The silica is either
sourced from the reaction vessel if made from glass or may be
added in the form of fumed silica: the greater the silicon content
the greater the coverage of the SWNT.
While the addition of silica promotes the complete coating of
SWNT with TiO2, the resulting materials show very high
absorption of Congo red and essentially no catalytic activity.
This is a surprise since P25-TiO2–SiO2 has been shown to show a
signiﬁcantly higher catalytic activity than P25-TiO2 itself. Based
upon the adsorption studies we propose a number of
requirements in the present system. It is necessary to have less
than 70% initial absorption. Any higher absorption and the
reactants and/or product are not desorbed and no catalysis
occurs. Nevertheless, it also appears necessary that less than full
coverage of the SWNTs be attained. It is also worth noting that
the highest activity occurs with the small average particle size.
We have shown that intimate contact between the SWNT and
the TiO2 is needed (rather than a physical mixture) for any
catalysis, presumably since the SWNTs strongly absorb the
Congo red and preclude further reaction. However, the
electronic properties of the SWNTs (including semiconducting
tubes) are clearly important since MWNTs appear to have little
eﬀect on altering the photocatalytic activity of P25-TiO2.
The forgoing results indicate that while there is a synergy
between TiO2 and SWNTs with regard to photocatalysis it is
not always positive. In other words, under some conditions the
presence of SWNTs inhibits catalysis, and it is only with
certain structures (i.e., TiO2–SWNT–PP-21) that the
combination of materials shows an enhancement over the
constituent parts. We are furthering our studies to determine
whether such a dichotomy is a result of the strong hydrophobic
interactions with the particular model system (Congo red) or a
general feature of the composite structures.
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Alumoxane/Ferroxane Nanoparticles for the Removal of Viral 
Pathogens: The Importance of Surface Functionality to Nanoparticle 
Activity† 
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A bi-functional nano-composite coating has been created on a porous Nomex® fabric support as a trap for 
aspirated virus contaminated water. Nomex® fabric was successively dip-coated in solutions containing 
cysteic acid functionalized alumina (alumoxane) nanoparticles and cysteic acid functionalized iron oxide 
(ferroxane) nanoparticles to form a nanoparticle coated Nomex® (NPN) fabric. From SEM and EDX the 
nanoparticle coating of the Nomex® fibers is uniform, continuous, and conformal. The NPN was used as a 
filter for aspirated bacteriophage MS2 viruses using end-on filtration of aspirated viruses was measured. 
All measurements were repeated to give statistical reliability. The NPN fabrics show a large decrease as 
compared to Nomex® alone or alumoxane coating. An increase in the ferroxane content results in an 
equivalent increase in virus retention. This suggests that it is the ferroxane that has an active role in either 
deactivating or binding the virus. Heating the NPN to 160 °C results in the loss of cysteic acid functional 
groups (without loss of the iron nanoparticles) and the resulting fabric behaves similar to that of untreated 
Nomex®, showing that the surface fuctionalization of the nanoparticles is vital for the surface collapse of 
aspirated water droplets and the absorption and immobilization of the MS2 viruses. Thus, for virus 
immobilization it is not sufficient to have nanoparticles per se, but the surface functionality of a 
nanoparticle is vitally important in ensuring functionality.  
Introduction  
Contamination of water by viral pathogens is endemic in many 
parts of the world. Sources of contamination include industrial 
and agricultural wastes, sewage and other forms of pollution. 
Sewage levels of approximately 7,000 viruses per liter are 
common, and can be more than 500,000 virus particles per liter.1 
Inhalation of this aspirated water can lead to serious infections 
and intoxications through exposure of mucous membranes in the 
eyes (conjunctiva), nose (rhinal) and mouth. In many cases 
gastroenteritis, respiratory disease, or eye, ear and nose infections 
result. However, more serious consequences and life-threatening 
complications can occur. To overcome this, a viral filter for 
aspirated viruses would be of great utility.  
 The use of iron oxide nanoparticles as a component of a filter 
is reasonable since iron oxide and oxyhydroxides human toxicity 
is low,2 and it has also been shown that Fe(O)OH and Fe2O3 are 
more resistant to acidic, corrosive, and oxidant conditions than 
other anti viral materials (e.g., silver).3 The affinity for binding of 
iron nanoparticles to virus pathogens was envisaged as it has been 
observed in nature,4 where it has been shown that viruses interact 
and act as nucleation sites for the adsorption and precipitation of 
dissolved metals especially iron.5 Up to 50% of “dissolved iron” 
in sea water is between 30 nm and 100 nm in diameter.6,7,8 
Between 90% and 99% of iron particulates are strongly chelated 
by organic ligands.7,8 Viral-lepidocrocite binding has been  
 
Fig.1 Schematic diagram of alumoxane/ferroxane viral trap showing the 
collapsed water droplet containing the virus on the fibers coated with both 
ferroxane (iron oxide) nanoparticles (dark circle) and alumoxane 
(alumina) nanoparticles (open circles).  
observed in sea water systems. Since virus adsorption is a 
function of surface area as well as surface activity, nanoparticles 
should show enhanced performance. However, an important 
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question to answer is whether any such performance is simply a 
function of the “nano” nature of the iron oxide nanoparticle, or a 
consequence of the surface functionality in concert with the nano 
scale. The present research is aimed at understanding how the 
surface functionality of a nanoparticle can alter the efficacy of the 
nanoparticle activity.  
 Despite the efficacy of iron oxides, and the potential of 
nanocrystaline iron oxides, there is a second important 
component of any trap for aspirated viruses; it is necessary to 
provide a surface onto which water droplets will collapse. We 
have previously shown that coating Nomex® or similar fabric 
with cysteic acid [HO2CCH(NH2)CH2SO3H] functionalized 
alumina nanoparticles (cysteic-alumoxane) results in a 
superhydrophilic surface that allows for the passage of water,9 but 
not hydrocarbons. In the present application the function of the 
superhydrophilic surface as measured by an extremely low 
contact angle (<3°) is to “collapse” airborne water droplets onto 
the surface, if this hydrophilic surface is combined with 
functionalization to trap and immobilize viruses then a combined 
system for removal of airborne or aspirated viruses may be 
achieved (Fig. 1). As noted above binding efficiency of iron 
oxides for viruses has been well documented suggesting that an 
iron oxide containing surface should be ideal as the trap. Thus, 
we propose that the creation of a bi-functional nano-composite 
coating on a porous support should provide a suitable test bed as 
a trap for aspirated virus contaminated water. The cysteic acid 
functionalized nanoparticles (alumina or iron oxide) should both 
cause the collapse of the water droplets, while the greater the iron 
content should trap and immobilize higher concentrations of 
viruses. Nomex® fabric was chosen as a convenient nanoparticle 
scaffold because of the uniformity of the fibers (providing a 
homogeneous support) and the large weave of the fabric 
(sufficient to allow viruses to pass through). In addition, its use in 
protective garments in hazardous locations10 and its tolerance to 
harsh conditions11 make it a suitable practical substrate.  
 We have shown previously that carboxylic acid functionalized 
iron oxide nanoparticles (ferroxanes), are readily prepared from 
rust-like materials and propose the combination of a hydrophilic 
surface alumoxane nanoparticles and viral binding 
functionalization ferroxane nanoparticles should make an 
effective hybrid material.12 
Experimental section 
1. Materials and methods 
Cysteic acid, FeCl2.4H2O, EtOH and acetone (Sigma-Aldrich) 
were used as received. Pseudoboehmite Catapal B was provided 
by Sasol North America Inc. Nomex® fabric was obtained from 
Pegasus Auto Racing Supplies, and was washed sequentially with 
EtOH and acetone to remove excess dye molecules. Energy 
dispersive spectroscopy (EDS) studies were performed on a FEI 
Quanta 400 ESEM. The samples were attached to a metal mount 
using carbon tape. Thermogravimetric/differential thermal 
analyses (TG/DTA) were obtained on a Q-600 Simultaneous 
TGA/DSC TA Instruments machine using a carrier gas of either 
dry argon or air. Scanning electron microscopy (SEM) studies 
were performed on a FEI Quanta 400 ESEM. A 5 nm layer of 
gold was sputtered onto the samples to provide a conducting 
surface. The samples were mounted on carbon tape. Transition 
electron microscopy (TEM) studies were performed on a JEOLl 
1230 HC-TEM 120kV. Dilute solutions of nanoparticles were 
sonicated in DI water, and drop cast onto 300 mesh copper grids 
the excess solution being wicked away. Samples containing MS2 
were subsequently stained with 2% uranyl acetate (SPI-CHEM). 
The grids were received from Ted Pella with amorphous carbon 
surface and Formvar coating with the Formvar coating being 
removed by immersion of the grid in Chloroform for thirty 
seconds and air drying just before drop casting. XPS studies were 
conducted on a PHI Quantera XPS machine. Samples were 
mounted onto the platen using double-sided carbon tape. Atomic 
force microscopy (AFM) measurements were conducted on a 
multimode AFM in tapping mode. The microscope was equipped 
with a Nanoscope IIIa scanning probe microscope controller and 
an Optizoom microscope from Digital Instruments. AFM tips 
were from K-TEK nanotechnology, which were SPM probe 
model: TETA/Au (15) with an Au conductive coating and a 
resonant frequency of 300 Hz.  
 Bacteriophage MS2 (ATCC 15597-B1) and the host bacteria, 
E. coli (ATCC 15597) were originally obtained from the ATCC, 
LB-Lennox media and sodium bicarbonate were purchased from 
Fisher Scientific, and BactoTM agar was purchased from Difco 
Laboratories. Ultrapure water was obtained from a Barnstead E-
Pure system. All materials were sterilized by autoclave, 70% 
EtOH, or filtration through a 0.22 µM membrane. Bacteriophage 
MS2 was used as a surrogate pathogenic virus in this study and 
was propagated using E. coli. in LB-Lennox media (Fisher 
Scientific). 200 µL of MS2 stock solution was combined with 
800 µL of an incubation of E. coli. This was combined with 3 mL 
of molten (45 °C) LB-Lennox media containing 0.7% Bacto™ 
Agar (Difco Laboratories) and poured onto a Petri dish 
containing solid LB-Lennox media with 1.5% Bacto™ Agar. The 
plates were incubated overnight and subsequently filled with 15 
mL of 100 mM NaHCO3 solution (Fisher Scientific) and gently 
rocked for 3 hours.13 The buffer was withdrawn, centrifuged at 
10,900 x g for 15 minutes, and the supernatant passed through a 
0.22 µM-pore-size syringe filter. The virus solution measured ~7 
x 109 PFU/mL and was stored at 4 °C until use in the virus 
removal experiments. 
2. Synthesis 
2.1. Synthesis of cysteic acid alumoxane nanoparticles 
In a modification of the literature procedures14 pseudoboehmite 
(100 g) was vigorously stirred in DI H2O (80 mL) to this was 
slowly added an aqueous 1 M solution of cysteic acid (80 mL). 
The resulting solution was allowed to stir overnight, and then 
centrifuged at 4500 rpm for 1 h. The supernatant was evaporated 
under vacuum and the resulting solid was used for coatings. 
Ceramic yield: 55%. Average particle size: 18 nm.  
 
2.2. Synthesis of cysteic acid ferroxane nanoparticles 
In a modification of the literature procedure12 a 1M solution 
FeCl2.4H2O (100 mL) was mixed with 1.67 M solution of NaOH 
(100 mL). The ratio R = [FeCl2.4H2O]/[NaOH] = 0.6 favors the 
formation of a pure lepidocrocite. To this was slowly added an 
aqueous 1 M solution of cysteic acid (80 mL). The resulting 
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suspension was centrifuged at 4400 rpm for 30 mins and the 
volatiles were removed in a vacuum at 90 °C. The resulting solid 
was used for subsequent coating experiments. Ceramic yield: 
30%. Average particle size: 100 nm.  
 
2.3. Formation of alumoxane/ferroxane hybrid material 
A sample of Nomex® fabric (18 mL) was washed sequentially 
with EtOH and acetone to remove excess dye molecules. The 
fabric was then vacuum dried to remove all volatiles. The fabric 
was dip-coated in an aqueous solution of L-cysteic acid-
alumoxane 20 wt% (10 g in 50 mL) and held there for 2 – 5 s. 
The dip-coat was allowed to oven dry (100 °C) before repeating 
the procedure three times. Loading of L-cysteic acid 
functionalized ferroxane 5 wt% (1.0 g in 20 mL DI H2O) onto the 
L-cysteic acid alumoxane coated Nomex® resulted in the 
nanoparticle coated Nomex® (NPN) fabric, which was tested 
against aspirated MS2 bacteriophage for virus filtration. In order  
 
Fig. 2 Schematic diagram of the viral adsorption apparatus. 
to limit potential nanoparticle shedding a similar sample was 
annealed to partially convert the nanoparticles to ceramic by 
heating the filter to 160 °C for 2 hrs in an argon atmosphere 
(NPN-160). Increased loading of cysteic ferroxane 20 wt% (5.0 g 
in 20 mL) was the undertaken onto an alumoxane functionalized 
18 cm2 piece of Nomex® fabric (NPN-4x). The above membranes 
were characterized via XPS, SEM-EDS and tested as virus filter 
against MS2 bacteriophage. 
 
3. Viral absorption studies 
The virus filtration experiments were conducted by generating an 
aerosolized virus stream, passing the output through a Nomex® 
fabric composite membrane the synthesis of which is outlined 
above, and collecting and enumerating the viruses that are 
completely transported through the system (Fig. 2 and Fig. S1‡). 
The aerosolized virus stream was generated using a TSI Constant 
Output Atomizer (model 3076, Shoreview, MN) operating in 
recirculation mode. The system was sterilized by operating with 
70% EtOH followed by rinsing and operation with sterile 
ultrapure water prior to each experiment. To conduct an 
experiment, the virus stock was combined with 300 mL ultrapure 
water (final titer ~106 PFU/mL) in the feed reservoir, which was 
placed in an ice bath and connected to the atomizer. A 25 mm 
diameter piece of fabric was cut and placed in a reusable 
Swinnex® filter holder (Millipore, Billerica, MA) which was then 
attached to the discharge of the atomizer. The output of the filter 
holder was connected to a tube, which discharged through a stone 
diffuser into 150 mL of ultrapure water in a tall glass jar. The 
discharge water was sampled before each test and every 10 
minutes up to 1 hour. Viruses in the samples were enumerated by 
the agar overlay method.15 
 
Fig. 3 Photographic images of water droplet on cysteic acid 
functionalized alumina surface taken immediately upon dropping on the 
surface since within a few seconds the droplet completely wets the 
surface. The Zwitter ionic forms of the cysteic acid are shown inset. 
Results and Discussion 
The strategy of our filters was to immobilize the nanoparticles 
onto a porous fabric scaffold (Fig. 1). To accomplish this, a fabric 
support with hydrophilic alumoxane and hydrophilic ferroxane 
nanoparticle was functionalized and subjected this filter to viral 
screening. Reduction in concentrations of viruses passing through 
the functionalized filter compared to the un-functionalized filter 
was by an order of magnitude. 
 Our previous work has shown that carboxylic acid 
functionalization of alumina surfaces can change the surface 
properties of the alumina.9 We have previously undertaken the 
study of many carboxyilic acid functionalized hydrophilic 
surfaces. These effects were related to the hydrophilicity, as 
indicated by the contact angle of water on the surface. It was 
observed that cysteic acid functionalized alumina coated wafers 
were extremely hydrophilic, achieving complete wetability when 
in contact with water.9 In fact the extent of wetting is such that 
complete wetting of the surface results which is attributed to the 
hydrogen bonding abilities of both sulfonyl and amine moieties 
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on functionalized cysteic acid and its Zwitter ionic form (Fig. 3).  
 
Fig. 4 SEM image of (a) uncoated Nomex fabric and (b) 
alumoxane/ferroxane composite coated fabric (NPN-2). 
Based on these results cysteic acid was chosen as the best 
candidate for the creation of our highly hydrophilic alumoxane-
ferroxane Nomex® composite membrane.  
 
Fig. 5 SEM (a) and associated EDS maps of alumoxane/ferroxane 
nanoparticle coated fiber (NPN-2): (b) aluminum, (c) iron, (d) nitrogen, 
and (e) sulfur.  
 We havepreviously reported that carboxylic acid 
functionalized alumina and lepidiocrocite nanoparticles 
(carboxylate alumoxanes and ferroxane) can be used to coat a 
range of fabrics and fibers.16 In the present case our goal was to 
deposit a thin layer of cysteic acid alumoxane onto a suitable 
support, anneal to 100 °C to provide a cysteic acid functionalized 
alumina surface on the support. Then repeat the process with 
ferroxane. TG/DTA analysis of the ferroxane nanoparticles (Fig. 
S4‡) shows that  eating to 100 °C results in loss of adsorbed 
water without loss of the cysteic acid functional groups.  
 In contrast to our previous membrane work,17 the 
resulting nanoparticle coated fabric (NPN) surface is not designed 
to act as a membrane on its own, but to be the sidewalls of a 
particle filtration membrane (103 - 106 nm pore size). SEM 
images indicated that deposition of the hydrophilic alumoxane 
and the viral active ferroxane nanoparticle occurred evenly across 
the fibers (Fig. 4).  
 
Fig. 6 Plot of cumulative number of viruses passing through the Nomex®-
derived filters as a function of exposure time for MS2 bacterage 
adsorption studies: untreated Nomex® ( ), NPN ( ), NPN-4x ( ), and 
NPN heated to 160 °C for 2 hours ( ).  
This observation is confirmed by EDS mapping of individual 
fibers (Fig. 5) showing a continuously uniformly coated single 
fiber as demonstrated by the overlap of the aluminum and iron 
EDS maps (Fig. 5b and c) with the SEM image of a fiber (Fig. 
5a). The lower intensity of the iron signal is consistent with the 
lower concentration of the ferroxane. It is also important to note 
that the nitrogen and sulfur EDS maps (Fig. 5d and e) are 
identical since the sulfur is due to the cysteic acid functional 
group, while the nitrogen is due to both both the cysteic acid 
functional group and the Nomex® aramid structure. If there were 
areas of the fibers not coated then the sulfur and nitrogen maps 
would be expected to be dissimilar. Uniform layering allows for 
passages of air with deposition of water droplets containing the 
target virus. Furthermore, from Fig. 3 it can be seen that there is 
no extensive webbing that would preclude flow through the filter 
or act such that the fabric pore sizes are decreased.  
 The reason we chose to use Nomex® fabric as a support was 
that the large weave of the fabric cannot facilitate screening and 
thus it must be the surface of the fibers not pore size that is 
responsible for virus separation. Fabrication of the filter is 
achieved by first bringing the surface of the support into contact 
with a solution of cysteic acid functionalized alumoxane. The 
solution is drawn into the surface pores of the support by 
capillary forces. The surface coating thickness is controlled by 
the concentration of the cysteic acid alumoxane and ferroxane 
precursors and the pH of the solution. Size exclusion experiments 
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using Dextrans determined that pore throat size of the 
functionalized membranes were sufficiently large as to not be an 
issue.9 Especially when considering that the Brownian motion of 
an aspirated water droplet as in its aerodynamic motion if less 
than 1 µm in diameter is significantly larger than its diameter.18 
This ensures that in the application of our membrane for aspirated 
virus removal within an air-way the air flux is large while still 
ensuring capture of the aerosol water droplet.  
 Testing of virus filtration was undertaken using bacteriophage 
MS2; this is a single stranded (+) RNA virus with an icosahedral 
capsid about 25 nm in diameter.19 MS2 is similar to some water 
borne pathogenic viruses and has been used as a surrogate in 
several disinfection studies.20 Compared to other bacteriophage, 
MS2 has been shown to be more resistant to UV disinfection.21 In 
disinfection studies using chlorine and chloramines, MS2 was 
found to be comparable or resistant compared to Hepatitis A 
virus22 and Poliovirus.23 MS2 has also been recommended by the 
EPA as an indicator for viral inactivation processes.24 MS2 is 
particularly convenient to work with, as its propagation and 
enumeration are relatively simple when compared to procedures 
required with pathogenic human viruses. Investigation of the 
screening properties for MS2 of the functionalized membranes 
and unfuntionalized membranes were investigated, using end-on 
filtration of aspirated viruses was measured. All virus trapping 
measurements were repeated to give statistical reliability.  
 Fig. 6 shows a plot of the cumulative number of viruses 
passing through each coated fabric as a function of time. It may 
clearly be seen that the alumoxane/ferroxane nanoparticle coated 
fabrics (NPN and NPN-4x) show a large decrease as compared to 
Nomex® alone. A Log plot is shown in Fig. S9‡. It is particularly 
noteworthy that an increase in the ferroxane content (i.e., sample 
NPN-4x versus sample NPN) results in an equivalent increase in 
virus retention. This suggests that it is the ferroxane that has an 
active role in either deactivating or binding to the virus. 
 
Fig. 7 TEM of (a) MS2 bacteriophage and (b) MS2 (arrowed) bound to 
cysteic acid-functionalized ferroxane nanoparticle. 
 In order to confirm this result we have investigated the 
interaction of MS2 with individual ferroxane particles by TEM. 
Fig. 7a shows a TEM image of two MS2 viruses for comparison, 
while in the center of Fig. 7b is a representative example of a 
ferroxane particle to which is associated with multiple MS2 
viruses (TEM images of ferroxane particles in the absence of 
MS2 are shown for comparison in Fig. S6‡). In the entire TEM 
sample of NPN/MS2 all the ferroxane nanoparticles were 
observed “binding”, i.e., being in close proximity to at least one if 
not multiple MS2 viruses.  
 From Fig. 6 it may be seen that the Nomex® fabric alone 
provides some barrier to transport of aspirated MS2 
bacteriophage in comparison to no fabric at all. This provides a 
simple measure of the physical barrier that any porous fabric 
would provide. Although previous work has suggested that iron 
oxides should act as efficient traps for viruses such as MS2, the 
coated fabric that was heated to 160 °C (NPN-160) shows 
essentially that the same results as for untreated Nomex®, 
suggestive that the ferroxane is deactivated.  
 
Fig. 8 TEM of MS2 bacteriophage (arrowed) bound to cysteic acid-
functionalized ferroxane nanoparticle (left) that has been pretreated by 
heating to 160 °C for 2 hours. 
However, TEM images of a sample of cysteic acid ferroxane 
heated to 160 °C and then mixed in the presence of MS2 
bacteriophage shows particles associated with multiple MS2 
viruses (Fig. 8) indicating that the binding of MS2 to the iron 
oxide nanoparticle is possible.  
 These results are indicative of two issues. First, the 
nanoparticle coating process does not significantly alter the 
porosity of (or flow through) the fabric, since NPN-160 and 
Nomex® alone behave identically, and hence the results for NPN 
and NPN-4x are not a consequence of smaller pore/weave sizes. 
Second, TGA data indicates that annealing either cysteic acid 
alumoxane or ferroxane to 160 °C (Fig. S4‡) results in the partial 
loss of functional groups on the nanoparticles without sintering of 
the individual nanoparticles and lowering the surface area.14,25 
This suggests that the surface fuctionalization of the nanoparticles 
(i.e, the hydrophilic surface due to the cysteic acid functional 
groups) is vital for the surface collapse of aspirated water droplet 
and the subsequent absorption and immobilization of the MS2 
viruses. Thus we can conclude that a nanoparticle surface 
functionalization is far more important in the present process than 
the actual nanoparticle nature of the coating per se. 
Conclusions 
We have synthesized and characterized a permeable hydrophilic 
fabric-based filter with high flux for air flow and high virus 
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binding capabilities, derived from simple hydrophilic principles 
and natural virus binding mechanisms found in nature. The 
benign nature of synthesis of the membrane composite ensures 
that future functionalization of any component within an air-way 
system is possible with regards to virus inactivation. The concept 
of this membrane maybe utilized in the future for functionalizing 
multiple components. While it is reasonable to propose that the 
ferroxane-MS2 interaction is essentially the same as in nature 
with regards to virus binding to lepidiocrocite, the important 
result from this work is that it is not sufficient to have 
nanoparticles per se, but their surface functionality is important in 
ensuring functionality. In the present case this means the use of 
hydrophilic surface functionalization that ensures the collapse of 
aspirated water droplets and the wetting of the surface to allow 
exposure of the viruses to the “active” component of the surface.  
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